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 Acidification of soils can result from natural processes (i.e. pedogenesis) and 
from atmospherically derived sulfur (S) and nitrogen (N) which originate from 
anthropogenic emissions.  Research on the effects of acidification has typically focused 
on base cations, N and aluminum (Al).  The Bear Brook Watershed in Maine (BBWM) (a 
long-term, whole-watershed acidification experiment) demonstrated increased episodic 
stream export of Al, iron (Fe), and phosphorus (P) in the treated watershed, suggesting 
that acidification can also affect P.   
 This research evaluates (a) the physical and chemical distribution of P, (b) 
mechanisms controlling soil P accumulation, mobilization, and availability in humid, 
temperate forested ecosystems, and (c) the temporal progression of soil acidification at 
BBWM. 
 We measured soil P in important, operationally defined chemical phases using P 
fractionation techniques.  Studies at a forested watershed in Acadia National Park, ME 
  
demonstrated that mechanisms affecting the distribution of Al and Fe hydroxide in soils, 
stream sediments, and lake sediments also controlled P distribution in each of the 
landscape compartments.  Phosphorus fractionation studies in acid forest soils across six 
watershed sites on two continents determined that the majority of soil P (i.e. 71 %) was 
associated with Al.  In experimentally acidified watersheds it was the Al forms of P that 
were depleted in the upper soil horizons.  This suggests that changes in soil acidity due to 
management, air pollutants or pedogenesis could shift P availability by altering acidity 
and the Al:P balance. 
 Measurements of soil chemistry at BBWM in 1998 and 2006, (a period of 
declining SO4
2-
 deposition and continued experimental acidification) revealed little 
evidence of continued base cation depletion or recovery.  There were, however, 
significant declines in forest floor mass, % carbon (C), and % N attributable to the 1998 
ice storm.  Forest type exerted a strong influence on soil response to natural disturbance, 
experimental acidification, and recovery from acidification.  This study underscores the 
importance of long-term, quantitative soil monitoring in determining the trajectories of 
change in forest soils.  
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   Chapter 1 
 
INTRODUCTION 
 
Human societal practices have significantly impacted nutrient deposition and 
cycling in both terrestrial and aquatic ecosystems (Aber et al., 1998; Driscoll et al., 2003; 
Galloway et al., 2004; IPCC, 2007; Stern, 2005).  These global perturbations have 
resulted from the unprecedented increase in fossil fuel consumption and large-scale 
changes in land use.  Consequences include but are not limited to:  (a) shifting patterns in 
global and regional climate (IPCC, 2007), (b) stages of nitrogen saturation of terrestrial 
ecosystems with possible shifts in nutrient limitation (Aber et al., 1998),  and (c) the 
acidification of terrestrial and aquatic ecosystems (Driscoll et al., 2003).   
Acidic deposition is derived largely from the combustion of fossil fuels and use of 
fertilizers resulting in atmospheric emissions of sulfur (S) oxides, nitrogen (N) oxides, 
and ammonia (NH3) and ammonium (NH4), resulting in acidic or acidifying deposition 
which has been demonstrated to negatively affect both forested and aquatic ecosystems 
(Adams et al., 2000; Bowman et al., 2008; Cronan and Schofield, 1979; Driscoll, 1985; 
Driscoll et al., 2003; Driscoll et al., 2001; Fernandez et al., 2003; Likens et al., 1996; 
Watmough et al., 2005).  Sulfur emissions and deposition in North America are believed 
to have peaked in 1974 (Stern, 2005).  With passage of the clean Air Act in 1970 and its 
renewal in 1990, S deposition has declined over nearly the entire United States through 
the period from 1985 to 2004, with reductions commonly exceeding 50% in the 
northeastern United States (Lehmann et al., 2007).  At the same time however, N 
deposition has increased and remained above pre-industrial concentrations in nearly all 
sites over the same time period Projections suggest that N deposition will continue to 
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(Galloway et al., 2004) potentially lead to further acidification of terrestrial ecosystems, 
increased nutrient imbalances, and shifting nutrient limitations (Bowman et al., 2008; 
Gradowski and Thomas, 2006; Warby et al., 2009). 
Long-term lake sediment core data, experimental manipulations, and observations 
of natural ecosystems suggests that acidification can be both natural and 
anthropogenically driven and occurs on time scales ranging from long-term (e.g.≈ 10,000 
years) to short-term (e.g. diurnal) (Kopáček et al., 2007; Norton et al., 2006).  
Acidification increases export of soil base cations and subsequently aluminum (Al) as 
base cation buffering capacity is depleted (Fernandez et al., 2003; Norton et al., 2004).  
Both Al and iron (Fe) hydroxide are important in controlling phosphorus (P) 
accumulation and availability in soils and sediments (Kopáček et al., 2005; Wood et al., 
1984).  Therefore, any mechanisms affecting Al and Fe can have repercussions for the 
accumulation, mobilization, and availability of P in soils and sediments.  Furthermore, 
experimental evidence suggests that acidified soils experience greater export of Al during 
episodic high flow, such as during snowmelt or precipitation events.  Episodic Al 
mobilization has been demonstrated at the Bear Brook Watershed in Maine (BBWM) as 
increases in exports of particulate Al in the experimentally acidified West Bear (WB) 
watershed compared to the reference East Bear (EB) watershed during hydrologic 
episodes (Norton et al., 2004).  Subsequent increases in total P were also detected in the 
WB stream during high discharge events (Norton et al., 2004; Reinhardt et al., 2004).  
The increased export of P and Al from this acid forested watershed suggests that acid 
solutions moving through shallow flow paths have the potential to mobilize Al hydroxide 
and associated P (Norton et al., 2006; Reinhardt et al., 2004).  It has been widely 
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recognized that Al is important in soil P sorption (Kaňa and Kopáček, 2005; Sherman et 
al., 2006; Walker and Syers, 1976; Wood et al., 1984), yet we have limited knowledge of 
the relative distribution of various chemical forms of P in acid, forested mineral soils.  
Further, we do not know which chemical forms of soil P are most likely to contribute to P 
mobilization and export during episodic or chronic acidification.   
 The objective of this dissertation was to define the character of soils in humid, 
temperate forested watersheds, focusing on the complex interactions among metals (i.e., 
notably Al and Fe) and P and consists of the following additional chapters:  Chapter 2 
summarizes literature relevant to a study of soil P, Al, and Fe in humid, temperate forest 
and freshwater.  Chapter 3 details the character of soil and sediment P fractions along a 
transect of hydrologically connected soils, stream sediments, and lake sediments at 
Acadia National Park, ME.  Chapter 4 focuses on the controls of metals on P fractions in 
acid soils of six watersheds in the eastern United States and Europe.  Included in the six 
watersheds are two,  paired, whole watershed acidification experiments allowing for 
testing the mechanisms by which chronic acidification may alter soil P dynamics.  Lastly, 
Chapter 5 offers a detailed analysis of soils at the BBWM including trends in soil 
exchangeable chemistry with 20 years of experimental acidification and continuing 
recovery. 
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Chapter 2 
LITERATURE REVIEW 
 
2.1. Introduction 
This literature review discusses research on soil phosphorus (P) in temperate 
forested ecosystems.  Specifically it focuses on: (a) the weathering and persistence of soil 
apatite, (b) relationships between soil P, aluminum (Al), and iron (Fe) in soils, including 
reference to associated lake sediments, and (c) soil acidification and the mechanisms by 
which it can affect the accumulation, mobilization, and availability of P.   
 
2.2. Apatite in Acidic Forest Soils 
Parent materials are the only significant source of P to natural systems other than 
the minimal amounts supplied in precipitation (Newman, 1995; Smeck, 1973; Walker 
and Syers, 1976).  In relatively unweathered parent materials, P is predominately in the 
form of apatite (Ca5(PO4)3(OH,F,Cl).  The dissolution of apatite is enhanced at lower pH 
and in the presence of organic acids (Valsmai-Jones et al., 1998); in acid soils apatite 
weathers approximately 1000 times faster than silicate minerals such as feldspars and 
exposed apatite is largely weathered from the soil over a relatively short time period 
(Blum et al., 2002; Walker and Syers, 1976; Yanai et al., 2005).  In acid forest soils such 
as Spodosols, apatite-P concentrations are typically low (Beck and Elsenbeer, 1999; 
Sherman et al., 2006).  However, apatite can persist even in acid conditions if it is 
occluded by other primary minerals (Blum et al., 2002; Walker and Syers, 1976).  This 
persistent, occluded apatite occurs as an accessory mineral within rocks and the rate of 
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weathering that governs biogeochemical access to this protected apatite  is determined by 
the occluding primary mineral (Walker and Syers, 1976).  Syers et al. (1967) 
demonstrated the presence of this occluded, persistent apatite by pulverizing soil minerals 
prior to extraction, resulting in an increased release of apatite-P.  More recently, Nezat et 
al. (2007) used sequential chemical extractions in combination with pulverization to 
determine the ratio of exposed to occluded apatite in mineral soils.  Despite the occluded 
nature of much of the  apatite in these soils, it is believed that ectomycorrhizal fungi 
(EMF) have the ability to contribute to and enhance weathering of soil minerals, 
including apatite, leading to greater nutrient uptake by vegetation (Scholl et al., 2008).  
Wallender (1999) found that Pinus sylvestris seedlings supplied with apatite-P and 
colonized by EMF had significantly higher biomass and weathered significantly more 
apatite than those grown without EMF.  Similarly, Blum et al. (2002) suggested that 
apatite can provide an important source of calcium (Ca) in base poor forest soils of the 
northeastern United States.  This suggests that even in watersheds dominated by acidic, 
well developed Spodosols, apatite can still contribute to the P status of soils, representing 
a potentially important contribution to P cycling over longer time scales. 
 
2.3. Phosphorus, Aluminum, and Iron in Soils 
 
2.3.1. Phosphorus During Pedogenisis   
Geochemical weathering in soils results in the dissolution of primary minerals, 
and in the case of apatite, weathering releases P into the soil environment to be utilized 
by biota, adsorbed to or precipitated with aluminum (Al) and iron (Fe) secondary phases, 
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precipitated as a secondary calcium (Ca) phase, or leached from the ecosystem (Crews et 
al., 1995; Smeck, 1973).  As soil pedogenesis progresses the distribution of P in the soil 
shifts from apatite-P, to Al and Fe associated P, with the percentage of P occurring as 
organic-P increasing greatly over time (Smeck, 1973; Walker and Syers, 1976).  Changes 
in the major pools of soil P with pedogenesis have been illustrated in studies of soil 
chronosequences and reflect the weathering of apatite P.  Richardson et al. (2004) found 
rapid shifts in P availability and total soil P along a chronosequence in New Zealand, 
where over a period of approximately 120,000 years, total soil P declined from 800 mg 
kg
-1
 to 100 mg kg
-1
 and vegetation shifted from N to P limited.  While the switch from N 
to P limitation occurred over a period of  >100,000 years in the study by Richardson et al. 
(2004), it is common for Spodosols with low available P to form much faster as 
evidenced by their presence in areas deglaciated within the last 15,000 years (Fernandez 
and Struchtemeyer, 1985; Wood et al., 1984; Yanai, 1992).   
Spodosols form in coarse textured soils derived from parent materials rich in Al 
and Fe.  The vertical translocation of organic acids in the form of soluble Al and Fe 
complexes is essential to the formation of Spodsols and results in the accumulation of Al 
and Fe hydroxide in the B-horizon (Lundström and Breeman, 2000).  The high 
concentrations of Al and Fe in Spodosols and other soils formed on aluminosilicate 
parent materials make them sinks for P, with evidence suggesting that Al is dominant 
over Fe in the sorption of P (Darke and Walbridge, 2000; Fox et al., 1990; Kana and 
Kopáček, 2005; Norton et al., 2006; Richardson, 1985; Sherman et al., 2006; Wood et al., 
1984). 
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2.3.2. Phosphorus, Aluminum, and Iron in Acid Forest Soils   
Aluminum and Fe hydroxide are important in determining soil and sediment P 
sorption capacities (Harter, 1969; Norton et al., 2006; Wood et al., 1984).  Phosphate ions 
can form precipitates with dissolved Fe and Al, be reversibly adsorbed by anion exchange 
to the surfaces of Al or Fe hydroxide, or replace structural hydroxyl ions in Al and Fe 
hydroxide, resulting in greatly reduced availability (Brady and Weil, 1999; Lukkari et al., 
2007).  Both organic and inorganic forms of soil P can be associated with Al and Fe 
hydroxide.  Soil organic-P is largely present in the form of inostisol phosphates (Stewart 
and Tiessen, 1987).  The high charge density of organic-P results in the rapid sorption of  
organic-P to sesquioxides that ultimately protects them from degradation (Stewart and 
Tiessen, 1987; Wood et al., 1984).  The fates of organic and inorganic P are similar in 
that, over time, both forms of P are increasingly transferred from the active and available 
pools to the occluded Al and Fe hydroxide associated pool (Stewart and Tiessen, 1987).   
Acid forest soils typically exhibit low P bioavailability as a result of sorption in 
sesquioxide-rich B-horizons (Fernandez and Struchtemeyer, 1985; Sherman et al., 2006; 
Wood et al., 1984; Yanai, 1992)   In the calculation of a P budget for The Hubbard Brook 
Experimental Forest, Yanai (1992) found that P cycling was extremely tight within the 
forest floor due to low turnover, availability, and uptake in the mineral soil which leads to 
low biocycling to O-horizons.  She estimated that of the 5.6 kg P ha
-1
 yr
-1
 mineralized in 
the forest floor, only 0.3 kg P ha
-1
 yr
-1
 leached to the mineral soil.  Other studies such as 
those by Wood et al. (1984) have shown that controls on P are highly vertically stratified 
in some forest soils (e.g., Spodosols) with biological processes (i.e. mineralization and 
immobilization) controlling P in the forest floor and geochemical processes (i.e., sorption 
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to Al and Fe hydroxide) dominating  in the mineral soil.  On the other hand, in a similar 
study of P controls in southern Appalachian forest soils (i.e., Inceptisols and Ultisols), 
Walbridge et al. (1991) found that biological and geochemical controls were not as 
sharply vertically stratified.  In both cases, however, Al and Fe hydroxide played an 
important role in buffering soil solution P concentrations and maintaining low available P 
in the soil.  Kana and Kopáček (2005) found a strong positive correlation between P 
sorption maxima and Al and Fe concentrations in Spodosols of an acidic watershed in the 
Czech Republic and inferred that hydroxide sequestration of P was the dominant factor 
controlling terrestrial P export in the watershed, thus influencing lake trophic status.  This 
is reflected in the low concentrations of dissolved P in stream water draining Al and Fe 
rich soils, even following disturbance (Norton et al., 2006; Yanai, 1998).  Others, such as 
Darke and Walbridge (2000), determined that inorganic P in forested floodplains and 
uplands was positively correlated with the sum of oxalate extractable Al and Fe, with a 
stronger individual correlation for Al suggesting that Al can also be dominant in soils. 
2.3.3. Phosphorus in Stream and Lake Sediments   
Terrestrial ecosystems dominate the inputs of nutrients and other chemicals to 
streams and most lakes (Likens and Bormann, 1974).  Phosphorus has been demonstrated 
to move conservatively through streams draining acid forest soils.  A study of stream P 
mass balance at The Hubbard Brook Experimental Forest revealed that, on an annual 
basis, there was no net retention of P in the stream channel and that 62% of stream P was 
exported as fine particulate P (FPP), and 19% as coarse particulate P (CPP), defined as 
0.45µm-1mm and  >1mm, respectively.  These particles are exported during periods of 
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high flow and can be deposited in sediments near the mouth of the stream (Meyer, 1979; 
Meyer and Likens, 1979).   
The strong association between P, Al and Fe is not limited to soils but extends to 
lake sediments as well.  The evolution of lake sediments can mirror the changes in 
watershed soils during pedogenesis and lake sediments have been used to describe long-
term P dynamics.  (Kopáček et al., 2007) found that pre-Holocene lake sediments were 
dominated by silts with apatite-P accounting for 42% of total sediment P, yet apatite 
quickly decreased in importance due its high solubility in the soils contributing to lake 
sediments.  Over time, these sediments became dominated by Al-P phases, accounting for 
up to 92% of P in the modern lake sediments.  The increasing concentrations of Al in lake 
sediments paralleled increases in C and demonstrated a large spike in concentration with 
the onset of forestation following deglaciation.  The increasing Al concentrations within 
the sediments result from the formation of Al complexes with dissolved organic carbon in 
soils (DOC) and their subsequent export to lakes, during high flow events where water 
moves laterally through more organic rich soils.  Once in lake water, photochemical 
decomposition releases organically bound Al resulting in the subsequent precipitation of 
Al hydroxide (Jansen et al., 2004; Kopáček et al., 2007; Kopáček et al., 2006).  This 
precipitated Al can then scavenge P from the water column as it settles, and is stored in 
sediments.    
Kopáček (2005) investigated geochemical controls on water column P 
concentrations in lakes of the Czech Republic and demonstrated the dominance of Al in 
controlling water column P availability and sediment P sorption.  He used the proportions 
of sediment Al, Fe, and P extractant species as predictors of water column P 
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concentrations because Al and Fe exert such strong controls on P mobility in sediments.  
His results showed that in sediments with a molar ratio of Al(H2O+BD+NaOH-
25):Fe(H2O+BD+NaOH-25) >3 and AlNaOH-25:P(H2O+BD)>25, anoxia no longer resulted in P release 
from sediments.  He interpreted this to mean that Al dominates P chemistry in lake 
sediments when sediment Al concentrations significantly exceed Fe or P concentrations.  
Others, such as Maassen et al. (2005) have found similar relationships between water 
trophic status and metal to P ratios in sediments.  This is particularly important during 
periods of anoxia when Fe bound P would otherwise be released to the water column but 
is irreversibly adsorbed by Al in sediments (Norton et al., 2006).  Similar trends were 
observed in a study of eleven Maine lakes, where Amirbahman et al. (2003) suggested 
that in eutrophic lakes, Fe dominated internal P cycling in sediments while in 
mesotrophic/oligotrophic lakes other mechanisms, including adsorption by Al hydroxide, 
likely dominate internal P cycling.  This suggests that within lake sediments when the 
ratio of extractable Al to Fe is high, Al can be dominant over Fe in controlling P cycling.   
 
2.4. Soil Acidification and Base Cation Depletion 
Acidic deposition is derived largely from the combustion of fossil fuels and 
results in atmospheric of sulfur emissions of (S) oxides, nitrogen (N) oxides, ammonia 
(NH3), and ammonium (NH4).  Acidic deposition negatively affects both forested and 
aquatic ecosystems (Adams et al., 2000; Bowman et al., 2008; Cronan and Schofield, 
1979; Driscoll, 1985; Driscoll et al., 2003b; Driscoll et al., 2001; Fernandez et al., 2003; 
Likens et al., 1996; Watmough et al., 2005).  The negative effects can be direct, such as 
forest decline from insufficient calcium (Ca) supply, or result from secondary nutrient 
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imbalances leading to increased susceptibility to other stresses.  Examples include soil Ca 
and Mg depletion, increased soil Al interference in Ca and Mg uptake, impaired 
photosynthesis, and sugar maple decline (Hallet et al., 2006; Mohamed et al., 1997; 
Schaberg et al., 2006).  Likewise, soil acidification has been demonstrated implicated in 
declines in the cold tolerance of red spruce by reducing Ca to Al ratios and causing 
reduced fine root functionality which increases susceptibility to stresses (Driscoll et al., 
2001).  Effects on aquatic ecosystems include the acidification of surface waters and 
subsequent decline in species richness and abundance of zooplankton, 
macroinvertabrates, and fish, due the toxicity of inorganic monomeric Al (Driscoll et al., 
2003b; Driscoll et al., 2001).  
The acidification of terrestrial and aquatic ecosystems is strongly linked.  Acid 
deposition leads to accelerated base cation leaching and can result in the depletion of soil 
base cations through their replacement by hydrogen (H) and aluminum (Al) on exchange 
sites (Fernandez et al., 2003; Huntington et al., 2000; Watmough et al., 2005).  As 
leaching of anions (e.g., SO4
2-
) from deposition occurs base cations are lost from the soil 
exchange complex in order to balance the leaching mobile anions (Driscoll, 1985; 
Edwards et al., 2002; Norton et al., 2004).  If acidification progresses, soil exchange sites 
can become depleted of Ca and Mg if leaching outpaces replacement of base cations 
through chemical weathering (Fernandez et al., 2003; Watmough et al., 2005).  As 
exchangeable base cation supplies are depleted, export of soil Al increases to maintain 
charge balance for the leaching of anions (Driscoll, 1985; Fernandez et al., 2003; Norton 
et al., 2004).  If Al is mobilized in inorganic forms it is toxic to many fish.  The export of 
labile monomeric Al along with sulfate (SO4
2-
) and nitrate (NO3
-
) leads to the 
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acidification of surface waters and Al toxicity in fish (Driscoll, 1985; Driscoll et al., 
2003b).  Over time, soils can achieve a new dynamic equilibrium with rates of S and N 
deposition at a lower base saturation, lower pH, and elevated concentrations of SO4
2-
 and 
N (Aber et al., 1998; Fernandez et al., 2003; Norton et al., 2004; Warby et al., 2009; 
Watmough et al., 2005).    
  The passage of the Clean Air Act in 1970 and its renewal in 1990 have lead to 
large (i.e. > 50 %) declines in SO4
2 
deposition throughout much of the northeastern 
United States.  This decline in SO4
2
 deposition is expected to lead to recovery of forested 
and aquatic ecosystems, but recovery has been slow, especially in soils (Driscoll et al., 
2003a; Martinson et al., 2005; Warby et al., 2009).  For instance, numerous studies have 
shown evidence for aquatic recovery (e.g., Driscoll et al., 2003a; Warby et al., 2005), but 
studies of soil recovery have suggested that continued N deposition and leaching of 
accumulated N and S, combined with the slow replenishment of base cations from 
weathering, can inhibit recovery (Martinson et al., 2005; Warby et al., 2009; Watmough 
et al., 2005).  Warby et al. (2009) conducted a regional study of organic forest soils in the 
northeastern United States and found continued decreases in pH, Ca, and base saturation 
throughout the region over the time period from 1984-2001.  Chen and Driscoll (2005) 
predicted that more aggressive emissions controls would need to be implemented in order 
for soil base cation depletion to be reversed throughout the northeast.  Others, such as 
Wesselink et al. (1995) have suggested that recovery from acidification can differ by 
forest vegetation type with hardwoods recovering more quickly than softwoods, possibly 
owing to greater accumulations of SO4
2 
in soils under softwoods stands. 
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2.4.1. Soil Acidification, Al Mobilization, and Linkages to P 
 The scientific literature shows a strong association between P and Al in soils and 
sediment.  Therefore, it is likely that the continued acidification and ultimate mobilization 
of Al can have implications for P cycling (Norton et al., 2006).  As acidification 
progresses and Al buffering becomes increasingly important, soils experience greater 
exports of Al (David et al., 1991; Driscoll, 1985b; Norton et al., 2004).  Acidification and 
mobilization of Al occur as a result of anthropogenic disturbance or natural pedogensis.  
In a study of preindustrial and modern lake sediments, Kopáček et al. (2007) discerned 
that Al concentrations in sediments increased at two different time periods within the 
sediment record; once after afforestation of the landscape and a second time after the 
onset of acidic deposition from anthropogenic sources.  The increase following 
afforestation results from the production of DOC by vegetation while the second increase 
is driven by increased Al dissolution from anthropogenic acidification.  More direct 
evidence of Al export has been seen at the Bear Brook Watershed in Maine (BBWM), 
where whole-watershed experimental acidification resulted in increased stream export of 
Al, Fe, and P during high discharge events (Reinhardt et al., 2004).  Declining stream 
base cation concentrations at BBWM have been accompanied by increased 
concentrations of dissolved Al in the treated West Bear (WB) from approximately 5 μmol 
L
-1
 in 1989 to concentrations commonly exceeding 40 μmol L-1 after two decades of 
treatments.  Over the same time period, increases in episodic stream exports of particulate 
Al were even greater, ranging up to 520 μmol L-1 Al in WB compared to 185 μmol L-1  in 
East Bear(EB) (Norton et al., 2004).  Subsequent increases in particulate P concentrations 
of up to 100 μg L-1 were also detected in the WB stream during high discharge events 
14 
 
(Norton et al., 2004; Reinhardt et al., 2004) despite base flow P concentrations commonly 
being below analytical detection (<0.5 μg L-1), rising only to 1-2 μg L-1 during high flow.  
Streamwater concentrations of particulate Fe also similar increased during high flow in 
both watersheds suggesting that Fe has not responded as quickly as Al to treatments.  
These high discharge stream events at BBWM were associated with precipitation or 
snowmelt events.  During these periods, high groundwater and saturated soils lead to soil 
solutions moving through shallow, relatively acidic soil flow paths where we expect the 
dissolution of Al hydroxide and the mobilization of the associated P (Norton et al., 2006; 
Reinhardt et al., 2004).  Similar responses in stream chemistry Al and P also occurred at 
Fernow Experimental Forest (FEF) in West Virginia where similar, whole-watershed 
experimental acidification studies have taken place (Edwards et al., 2006; Laird, 2006).   
 
2.5. Evolution of the Psenner Method for Phosphorus Fractionation 
 Phosphorus fractionation techniques provide for the chemical partitioning of soil 
or sediment P into operationally defined pools or fractions.  In a general sense, P 
fractionation techniques use a series of progressively more aggressive acid/base or 
reductant extracts to sequentially access various chemical pools of P.  The partitioning of 
P into operationally defined chemical fractions can, in turn, can be used to make 
inferences about P cycling and availability in ecosystems (Johnson et al., 2003).  Psenner 
and Pucsko (1988) summarized P fractionation as a compromise between the need to 
characterize P fractions based on their structural and stoichiometric properties and their 
ecological significance.     
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The fractionation scheme developed by Hedley et al. (1982) is commonly used to 
separate soil P into soluble, aluminum/iron bound, calcium bound, and residual forms 
(Levy and Schlesinger, 1999).  Despite the popularity of the Hedley method in studies of 
soil P fractionation little data exist regarding its application to the study of Spodosols 
(Cross and Schlesinger, 1995).  Sherman (2002) found the application of the Hedley 
fractionation procedure in acidic Al- and Fe-rich forest soils led to incomplete recovery 
of P in the NaHCO3 and NaOH extracts.   
Figure 2.1. Summary of selected modifications in the evolution of the Psenner P 
fractionation.  From Pettersson et al. (1988). 
 
In an analysis of sediment P fractionation Psenner et al. (1988) stated that modern 
sediment P fractionation methods evolved from early soil P fractionation methods; the 
first of which was performed by soil chemists Chang and Jackson (1957).  Table 2.1 
 
 Extraction Proposed fraction Shortcomings 
1. Chang and Jackson 
(1957) 
a. NH4Cl  1mol/l 
b. NH4F 0.5 mol/l pH 8.2 
c. NaOH 0.1 mol/l 
d. HCl 0.5 mol/l 
e. CDB 
f. NaOH 
labile P 
Al-bound P 
Fe-bound P 
Ca-bound P 
reductant-soluble P 
refractory P 
extraction of Fe-P by NH4F 
resorption by CaF2 
precipitation of phosphate 
with iron 
2. Williams et al. (1971) 
a. NaOH/NaCl 0.1/1.0 mol/l 
b. CDB 85°C 
c. HCl 0.5 mol/l 
non-occluded Fe-, Al-
P 
reductant-soluble P 
apatite P 
resorption by carbonates in 
calcareous sediments 
Ca-P and org-P released by 
CDB 
3. Williams et al. (1976) 
a. CDB 0.22/1.0g/0.1M 
b. NaOH 1 mol/l 
c. HCl 0.5 mol/l 
non-apatite P 
 
apatite P 
resorption by carbonates in 
calcareous sediments 
Ca-P and org-P released by 
CDB 
4. Hieltjes and Lijklema 
(1980) 
a. NH4Cl 1mol/l pH7 
b. NaOH 0.1 mol/l 
c. HCl 0.5 mol/l 
labile P 
Fe- and Al-bound P 
Ca-bound P 
dissolution of small amounts 
of Fe-P and Al-P by NH4Cl 
5. Psenner et al. (1985) 
a. H2O 
b. DB 0.11 mol/l 40°C 
c. NaOH 1 mol/l 
d. HCl 0.5 mol/l 
e. NaOH 1 mol/l 85°C 
water-soluble P 
reductant-soluble P 
Fe- and Al-bound P 
Ca-bound P 
refractory P 
resorption by carbonates in 
calcareous sediments 
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shows references that trace the development of P fractionation methods in soils and 
sediments.  The method developed by Chang and Jackson (1957) partitioned P into Al-P, 
Fe-P, Ca-P, reducible Fe-P, and occluded Al-P.  This P fractionation methodology laid 
the foundation for subsequent P fractionation research because it effectively partitioned 
(Fe+Al)-P and Ca-P.  In the Chang and Jackson (1957) fractionation procedures, the  
reductant soluble pool of Fe was not specifically separated, and the use of NH4F resulted 
in precipitation of P during the Al step (Kurmies, 1972; Williams et al., 1967). 
Williams et al. (1967) modified Chang and Jackson’s (1957) procedure by 
incorporating a resorption correction factor to account for precipitation of P during the 
NH4F extraction, and also added a second HCl extraction to more completely recover Ca-
P.  Williams et al. (1971) applied soil P fractionation techniques to lake sediments and 
further modified the procedure after conducting a comparison of five different 
fractionation methods.  Williams et al. (1971) recommended the elimination of NH4F and 
replacement with a series of extractions using NaOH, citrate dithionite bicarbonate 
(CDB), and HCl (Table 1), but it would prove to need further improvements. 
Hieltjes and Liklema (1980) would improve on the changes made by Williams et 
al. (1971, 1976) by describing the shortcomings with the use of CDB (Table 2.1).  They 
argued that the citrate in the CDB step dissolved substantial amounts of Ca-P (and some 
organic-P) and was therefore not suitable for use in a fractionation scheme.  Ultimately, 
their modifications called for the removal of the citrate from the extraction procedure. 
Psenner et al. (1985) suggested a series of extracts designed to partition P into water 
soluble (labile) P, reducible Fe-P, (Al+Fe)-P, Ca-P, and residual-P (Table 2.1).  The 
ordering of the reductant soluble Fe followed by NaOH step allows for some separation 
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of Fe and Al phases based on differences in the chemical character of Fe and Al.  For this 
reason, the Psenner and Pucsko (1988) fractionation method could be the most suitable 
approach for meaningful yet operationally defined P chemical fractions available in the 
literature at this time.  As of 1988 more than 20 extraction schemes for sediment P 
existed (Psenner and Pucsko, 1988).  A review published by Petterson et al., (1988) 
recommended the use of the sediment fractionation scheme developed by Psenner 
suggesting it as a sound method for the fractionation of P. 
 
2.6. Conclusions 
 Acidification occurs as a result of natural and anthropogenic factors on short- and 
long-term time scales.  In addition to lowered pH, acidification can alter other soil and 
water chemical characteristics, including nutrient availability.  Evidence in the literature 
suggests that acidification has the potential to increase the export of Al (and to lesser 
extent Fe) from acidified soils.  The scientific literature shows that Al and Fe play 
important roles in controlling P dynamics in soils and sediments of temperate forested 
watersheds.  This suggests that acidification and recovery, either due to natural or 
anthropogenic factors, can affect soil and sediment Al pools and can have repercussions 
for soil and sediment P.   
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Chapter 3 
SOIL AND SEDIMENT PHOSPHORUS FRACTIONS IN A  
FORESTED WATERSHED AT 
ACADIA NATIONAL PARK, MAINE, USA 
 
3.1. Abstract 
 Phosphorus (P) is commonly the critical limiting nutrient controlling the 
productivity of natural waters.  Understanding the linkages between terrestrial and 
aquatic P dynamics is essential to defining the mechanisms governing P availability in 
the ecosystem.  We used P fractionation techniques to investigate landscape patterns of P 
distribution in soils, and associated stream and lake sediments, in a forested watershed at 
Acadia National Park, Maine, USA.  Specifically, we investigated the chemical and 
spatial distribution of P in primary and secondary mineral phases along a topographic and 
bathymetric transect based on distance from the stream for soils and lake sediments.  The 
dominant P fraction was associated with aluminum (Al) hydroxide, a fraction that also 
included some iron (Fe) hydroxide and organic P.  The Al-P fraction accounted for 62% 
and 66% of total P in all soil and lake samples, respectively.  These results suggest that 
secondary Al, and to a lesser extent Fe, dominate P dynamics in these soils and lakes.  
Stream sediments appear to originate from deeper, less weathered portions of the soil 
with lower accumulations of secondary Al and Fe.  As a result, stream sediments have 
little capacity for adsorbing P, relative to soil or lake sediments.  Phosphorus 
fractionation results also suggested that both exposed and occluded primary apatite-P still 
persists in these soils, stream sediments, and lake sediments.  Extractable apatite-P 
concentrations increased progressively with decreasing distance from the stream in the 
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watershed and with increasing distance from the stream mouth and depth in the lake.  
These trends were attributed to spatial patterns in the intensity of pedogenesis in the 
watershed and the influence of winnowing and sedimentation on lake sediment 
composition. 
Keywords: phosphorus, apatite, watershed, fractionation, soil, lake and stream sediment 
 
3.2. Introduction  
 Linkages between terrestrial and aquatic ecosystems are complex, with terrestrial 
ecosystems dominating the inputs of nutrients and other chemicals to streams and most 
lakes (Likens and Bormann, 1974).  Norton and others (2006) have suggested that over 
both long-term (≈ 10,000 years) and short-term (diurnal) time scales, processes involving 
soil weathering, acidification, and Al mobilization drive terrestrial-aquatic phosphorus 
(P) linkages in acidic forested watersheds.   
 Parent materials are the only source of P to natural systems other than the minimal 
amounts supplied in precipitation (Smeck, 1973; Walker and Syers, 1976).  In relatively 
unweathered parent materials, P is predominately in the form of apatite 
(Ca5(PO4)3(OH,F,Cl).  As apatite weathers, P is released into soil solutions where it is 
utilized by plants, fixed by adsorption to aluminum (Al) and iron (Fe) secondary phases, 
precipitated as a secondary calcium (Ca) phase, or leached from the ecosystem (Smeck, 
1973).  In acidic forested watersheds dominated by Spodosols, the majority of P is 
typically associated with Al and Fe hydroxide in the Bs horizon (Wood et al., 1984; 
Fernandez and Struchtemeyer, 1985; Sherman et al., 2006).  Darke and Walbridge (2000) 
determined that inorganic P in forested floodplains and uplands was positively correlated 
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with the sum of oxalate extractable Al and Fe with a stronger individual correlation for 
Al.  Kana and Kopáček (2005) found a strong positive correlation between P sorption 
maxima and Al and Fe concentrations in Spodosols of an acidic watershed in the Czech 
Republic.  They inferred that the soil capacity for Al and Fe hydroxide sequestration of P 
was the dominant factor controlling terrestrial P export in the watershed and therefore 
soil Al and Fe hydroxide phases governed lake trophic status.  Furthermore, Kopáček et 
al., (2005) found that in sediments with high Al to Fe ratios (i.e., (Al:Fe)(H2O+BD+NaOH-25) 
exceeding 3) and high AlNaOH-25:P(H2O+BD) ratios ( i.e. exceeding 25), P release from 
sediments virtually ceased.  These findings demonstrate that Al and Fe can dominate 
mechanisms governing P availability in both terrestrial and aquatic components of these 
cool, temperate forested ecosystems. 
 While Al and Fe hydroxide dominate P dynamics in well developed Spodosols, 
apatite inclusions may persist, representing a potentially important contribution to P 
cycling over longer time scales.  This persistent, occluded apatite occurs as an accessory 
mineral within other primary minerals.  The rate of weathering that governs 
biogeochemical access to this protected apatite is determined by the occluding primary 
mineral (Walker and Syers, 1976).  Syers et al. (1967) demonstrated the presence of this 
occluded, persistent apatite by pulverizing soil minerals prior to extraction resulting in an 
increased release of apatite-P.  More recently, Nezat et al. (2007) used sequential 
chemical extractions in combination with pulverization to determine the ratio of exposed 
to occluded apatite in mineral soils.  Despite the occluded nature of much of the  apatite 
in acidic soils of temperate forests, it is believed that ectomycorrhizal fungi (EMF) 
contribute to and enhance weathering of soil minerals including apatite, leading to greater 
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nutrient uptake by vegetation (Scholl et al., 2008).  Wallender (1999) found that Pinus 
sylvestris seedlings supplied with apatite-P and colonized by EMF had significantly 
higher biomass and weathered significantly more apatite than those grown without EMF.  
This suggests that even in watersheds dominated by acidic, well developed Spodosols, 
apatite can still be important in defining the P status of both soils and sediments 
 A forested watershed represents a landscape with discrete, linked ecosystems (i.e., 
upland forest, stream, and lake).  In forest soils, the influences of water movement and 
topography have long been recognized as critical in soil formation and weathering 
(Jenny, 1941).  This is reflected in the importance of leaching in controlling the 
distribution of Al, Fe, and ultimately P with soil depth in Spodosols (Wood et al., 1984; 
Lundstr m and Breeman, 2000; Kana and Kopáček, 2005; Sherman et al., 2006).  
Mulder et al. (1995) suggested that differences in the distribution of soil types, soil depth, 
and slope, influence flow paths in watersheds, and that differing flow paths are reflected 
in differences in soil and stream chemistry.  Streams occupy low points in the landscape 
and adjacent soils typically have the lowest slope and poorest drainage.  Streams receive 
both solute and particulate transport from soils, although there is little evidence for 
significant stream accumulation in the case of P.  A study of stream P mass balance at 
The Hubbard Brook Experimental Forest revealed that, on an annual basis, there was no 
net retention of P in the stream channel and that 62% of stream P was exported as fine 
particulate P (FPP) and 19% as coarse particulate P (CPP), defined as 0.45µm-1mm and 
>1mm, respectively.  Stream particulate export occurs during periods of high flow and 
can be deposited as sediments near the mouth of the stream (Meyer, 1979; Meyer and 
Likens, 1979).  We expect that low P retention in streams compared to soils and lake 
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sediments is likely due to the lower accumulations of Al and Fe hydroxide and should be 
reflected in lower recoveries of P, Al, and Fe in stream sediment fractionation results.  In 
lakes, we hypothesize that the exported FPP and CPP should be stratified with CPP 
deposited closer to the stream channel and FPP settling farther from the inlet.  These 
patterns of particulate deposition in the lake would result in trends in sediment P fraction 
concentrations that should change progressively from the inlet to the deepest sediments of 
the lake.  
 In this study we used chemical fractionation techniques to investigate the 
characteristics of P in soils and sediments from the forest, stream and lake compartments 
of a forested watershed in Acadia National Park, Maine, USA.  Specifically, we wanted 
to determine (a) the chemical distribution of P fractions in these soils and sediments, (b) 
if there were spatial patterns in P fractions upslope with distance from the stream for soils 
in the watershed that reflected the influence of drainage and pedogenesis, and (c) if there 
were spatial patterns in P fractions in lake sediments with increasing distance from the 
inlet that reflected the source and physical sorting of lake sediments. 
 
3.3. Materials and Methods 
 
3.3.1. Site Description 
 The Hadlock Brook watershed is located in Acadia National Park (ANP) in 
eastern Maine, USA, and contains an old growth northern coniferous forest, relatively 
undisturbed for 500 years (Amirbahman et al., 2004).  Mean annual precipitation is 141 
cm, with temperatures ranging from < -18°C in the winter to >32°C in the summer.  
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Soils, developed from till are predominately coarse-loamy, mixed, frigid, Aquic 
Haplorthods (Parker et al., 2002).  Vegetation in the lower watershed is dominated by red 
spruce (Picea rubens) and balsam fir (Abies balsamea) with areas of grey birch (Betula 
populifolia) (Sheehan et al., 2006).  The watershed is drained by Hadlock Brook, a first 
order stream that flows into Upper Hadlock Pond.  Upper Hadlock Pond is 14.1 hectares 
with a mean depth of 4.3 m and a maximum depth of 13.7 m.  The pH of Hadlock Brook 
in 2005 ranged from 5.9 to 6.4, with pH progressively increasing from the headwaters to 
the lower watershed.  At baseflow, total P concentrations are typically <1.0 µg L
-1
 
throughout the stream reach (Laird, 2006).  Upper Hadlock Pond is mesotrophic with 
total P <10 µg L
-1
 and a pH range of 5.5-6.5 (Maine DEP, 2006).   
3.3.2. Soil Sampling and Analysis 
 Pedons were excavated in the spring of 2005 along a transect that originated at the 
stream and continued upslope, perpendicular to the stream for 100 m in an area 
representative of the dominant watershed soils, slope, and vegetation (Figure 3.1).  Soils 
were sampled from the 10 cm depth increment above the C-horizon at the 0.1, 10, 40, 60, 
and 100 m distance from the stream.  All samples were secured in double plastic bags and 
stored in coolers on ice during transport to the laboratory the same day.  Soil samples 
were air-dried, sieved (2 mm), and homogenized prior to subsampling for analysis.  
Subsamples were oven-dried at 105°C to allow for the expression of data on an oven–
dried basis.  O-horizon and mineral soils from these same locations were sampled and 
characterized as part of a related study by SanClements (2009) for pH, organic matter, 
exchangeable cations, and base saturation (BS), defined here as the percentage of the 
cation exchange capacity occupied by exchangeable bases.  
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3.3.3. Sediment Sampling and Analysis 
Stream and lake sediments were sampled on June 14, 2007.  Two stream sediment 
samples were collected approximately 200 m and 100 m from the inlet to Upper Hadlock 
Pond, in an active braided stream deltaic deposit (Figure 3.1).  Samples were collected by 
proportionally excavating the stream sediments to a depth of ≈10 cm using a trowel.  Five 
lake sediment cores (6.5 cm diameter gravity corer with acrylic core tubes) were 
collected along a transect that was ≈175 m from the inlet to the deepest location in the 
lake, with core positions distributed along the transect by lake depths that were at 1.9, 
4.0, 6.0, 10.3, and 13.7 m.  The top 10 cm of the sediment was removed, double bagged 
and placed on ice in coolers for transport to the laboratory the same day.  Sediment 
samples were air-dried, passed through a 2 mm sieve and homogenized.  Subsamples 
were oven-dried at 70°C to allow for presentation of all data on an oven-dried basis.  
Sediments were analyzed for loss-on-ignition (LOI) by combustion at 450°C for 12 h 
using a muffle furnace.  Sediment pH was determined using both CaCl2 (0.01M) and 
deionized water as described for soils (SanClements 2009).   
3.3.4. Phosphorus Fractionation 
 Sediment samples and soil samples (n=5) from the 10 cm increment above the C-
horizon were analyzed using a modified version of the sequential P fractionation method 
developed by Psenner et al. (1988).  Modifications include the use of 1M NH4Cl in place 
of H2O in the first extraction and the addition of a second HCl extraction with 
pulverization of the sample.  The second HCl extraction was added to more completely 
recover the apatite-P.  One gram samples were sequentially extracted into the following P 
fractions:  (1) 1M NH4Cl, pH 7, at 25°C for 1 hour was considered the 
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Figure 3.1. Location of soil, stream sediment, and lake sediment samples at the Hadlock 
Brook Watershed in Acadia National Park, ME. 
 
exchangeable fraction (PNH4Cl-2); (2) 0.11M NaHCO3-Na2S2O4 (BD) at 40°C for 30 
minutes was considered P adsorbed to reducible metal hydroxide (PBD), thought to be 
primarily Fe-bound P; (3) 0.1M NaOH at 25°C for 16 hr extracted P predominately 
associated with Al and some Fe hydroxide as well as organic P (PNaOH-25); (4) 0.5M HCl 
at 25°C for 16 hours extracted acid-soluble primary mineral P, considered to be apatite-P 
(PHCl); (5) Pulverization and 0.5M HCl at 25°C for 16 hours to dissolve occluded apatite-
P (PHCl-Pulv), previously protected by the mineral matrix; (6) 1M NaOH at 85°C for 24 
hours to dissolve refractory and residual P (PNaOH-85).   
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Table 3.1. Reference table of symbols for P fraction subscripts used in   
 this study and the description of the fraction they represent. 
  Subscript Fraction Extracted 
 NH4Cl Labile P 
 
       BD Reducible iron P 
 
       NaOH-25 Aluminum and some iron P 
 
       HCl Exposed apatite P 
 
       HCl-pulv Occluded apatite P 
 
       NaOH-85 Refractory and residual P 
  
These fractions are summarized briefly in Table 1.  All extractions were centrifuged at 
3000 G for 15 minutes and filtered through Whatman 42 filter paper (Whatman Inc., 
Clifton, NJ).  Extractions were then repeated with an agitation time of one minute to rinse 
samples.  All extracts were analyzed by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) at the Maine Agricultural and Forest Experiment Station 
Analytical Laboratory. 
3.3.5. Surface Area Measurements 
 Soil and sediment surface area was measured to determine its potential 
contribution to P speciation and distribution.  Samples were air-dried, passed through a 2 
mm sieve, and oven-dried over night at 150°C before being transferred to glass U-tubes 
for analysis.  Samples were analyzed at the University of Maine’s Darling Marine Center 
on a Monosorb Surface Area Analyzer (Keil et al., 1997).  
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3.3.6. Statistical Analyses 
 The nonparametric one-way Kruskal-Wallis test with substrate type as the main 
factor and soil, lake sediments, and stream sediments as factor levels was employed to 
determine if differences existed among the landscape units in this study.  A two-sample 
Wilcoxon test with Bonferroni correction (α =0.05) was used to examine differences in 
means among soils, stream sediments, and lake sediments.  Correlations were calculated 
using the Spearman correlation coefficient for nonparametric data.  Spearman 
correlations were calculated using R version 2.5.1.  All other statistical analyses were 
calculated using SYSTAT version 12.0. 
 
3.4. Results  
 
3.4.1. Descriptive Chemistry 
 O-horizons were of the mor type with mean LOI of 83% (Table 3.2).  O-horizon 
extractable P was variable along the transect but decreased sharply in the near stream 
zone (Figure 3.2).  Mean extractable P was 40.2 mg kg
-1
 in the O-horizon and declined 
dramatically with soil depth to 1.3 and 1.9 mg kg
-1
 in the upper and lower B-horizons, 
respectively (Table 3.2).  Mean O-horizon pHCaCl2 was 3.1 with a BS of 41% which 
declined with soil depth to 16% in the upper B-horizon and 14% in the lower B-horizon 
(Table 3.2).   
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Table 3.2.  Means for selected properties of soil, stream water, and lake water from the 
Hadlock Brook Watershed.  Lake water data from Maine DEP (2006). 
Stream water data from Laird (2006).   
Soil pHCaCl2 LOI BS Ca Al P Fe 
Horizon  
________
(%)
____
 
______
cmolc kg
-1___
 
____
mg kg
-1______
 
O horizon 3.1 83.4 41.2 7.0 3.9 40.2 3.9 
Upper B horizon 4.1 13.1 16.1 0.5 2.4 1.3 25.9 
Lower B horizon 4.4 9.9 14.1 0.5 2.4 1.9 8.9 
        
        Stream pH     P 
 
(baseflow) 
 
      µg L
-1
  
Upper Hadlock Brook 5.9-6.4    <1  
        
        
Lake pH Alkalinity  P  
   mg L
-1
   µg L
-1
  
Upper Hadlock Pond 6.29 2.8  < 10  
 
Concurrently, Al saturation (Al Sat) increased from 14% in the O-horizon to 63 and 68 % 
in the upper and lower B-horizon, respectively (data not shown).  Despite decreasing BS 
and increasing Al Sat with soil depth, pHCaCl2 increased from 3.1 to 4.4 from the O to 
lower B- horizon.  O-horizon exchangeable Al demonstrated spatial patterns 
characterized by little change with distance from the stream along the transect and a sharp 
increase in the near stream zone (Figure 3.2). 
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Figure 3.2. O-horizon extractable P and exchangeable Al with distance from the stream at 
the Hadlock Brook Watershed, Maine.  
 
3.4.2. Phosphorus, Aluminum, and Iron 
 Mean total phosphorus (PSum) concentrations from this study were 334 mg kg
-1
 in 
soils, 217 mg kg
-1
 in stream sediments, and 1041 mg kg
-1
 in lake sediments.  Soil PSum 
decreased with decreasing distance from the stream (r=0.90, P=0.08, n=5), ranging from 
432 mg kg
-1
 at 100 m to 264 mg kg
-1
 at 0.1 m from the stream channel (Figure 3.3), and 
was highly correlated with AlSum (r=0.90, P=0.08, n=5) and FeSum (r=0.80, P=0.13, n=5).   
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Figure 3.3. Soil and sediment P by fraction and location at the Hadlock Brook Watershed, 
Maine.  Soil sample locations are distance from the stream, stream sediment locations are 
distance from the inlet, and lake sediment samples are water depth.  The total length of 
the bar represents PSum with individual fractions designated in the legend. 
 
Stream sediment PSum was 223 mg kg
-1
 at ≈200 m and 211 mg kg-1 ≈100 m upstream 
from the lake inlet.  Lake sediment PSum increased with water depth (r=0.80, P=0.13, n=5) 
from 801 mg kg
-1
 at 1.9 m water depth to 1206 mg kg
-1
 at 13.7 m water depth (Figure 
3.3).  The differences in mean PSum between soil and lake sediments were significant, and 
largely attributable to differences in PNaOH-25 (Figure 3.3).  In all soil and lake samples, 
PNaOH-25 was the most abundant fraction, accounting for 62% and 66% of PSum,  
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Figure 3.4. Soil and sediment Al by fraction and location at the Hadlock Brook 
Watershed, Maine.  Soil sample locations are distance from the stream, stream sediment 
locations are distance from the inlet, and lake sediment samples are water depth.  The 
total length of the bar represents AlSum with individual fractions designated in the legend. 
 
respectively.  PHCl was the dominant fraction in stream sediments contributing 41% of 
stream PSum with PNaOH-25 accounting for only 28% of PSum.  Differences in mean PNaOH-25 
were significant among all substrates.  On average, PNaOH-85 was 18% of soil PSum, 11% of 
stream PSum, and 16% of lake sediment PSum.  Soil PNaOH-85 concentrations were 
numerically greatest in the 100, 60, and 40 m samples and were lower closer to the 
stream in the 10 m and 0.1 m samples (Figure 3.3).  In all samples, PNH4Cl and PBD 
accounted for < 1% of total P.  PHCl and PHCl-Pulv fraction contributions varied among 
sample types as discussed below.   
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 Mean total Al (AlSum) was 21,467 mg kg
-1
 in soils, 6,208 mg kg
-1
 in streams, and 
22,967 mg kg
-1
 in lake sediments.  There was a trend of decreasing soil AlSum (r=0.70, 
P=0.23, n=5) from 100 m to 0.1 m from the stream (Figure 3.4).  There were no other 
apparent trends regarding Al fractions and landscape position (Figure 3.4).   
 
Figure 3.5: Soil and sediment Fe by fraction and location at Hadlock Brook Watershed, 
Maine.  Soil sample locations are distance from the stream, stream sediment locations are 
distance from the inlet, and lake sediment samples are water depth.  The total length of 
the bar represents FeSum with individual fraction designated in the legend. 
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Other than a trend for decreasing concentrations of FeSum (r=0.90, P=.08, n=5) in 
soils with proximity to the stream and decreasing elevation, no other trends were evident 
for Fe concentrations with respect to distribution along the transect or among fractions 
(Figure 3.5).   
 If we apply the Kopáček et al., (2005) ratios of (Al:Fe)(H2O+BD+NaOH-25) and AlNaOH-
25:P(H2O+BD) to these data, substituting NH4Cl used here for H2O extractable P, the ratios 
were 4.5 and 2478, respectively, for Upper Hadlock Pond sediments.  If we apply these 
same ratios developed for lake sediments to the soils in this study, we find that the 
(Al:Fe)(H2O+BD+NaOH-25) ratio was 5.9 and the AlNaOH-25:P(H2O+BD) ratio was 3150.   
Figure 3.6. Soil and sediment Ca by location and fraction at Hadlock Brook Watershed, 
Maine.  Soil sample locations are distance from the stream, stream sediment locations are 
distance from the inlet, and lake sediment samples are water depth.  The total length of the 
bar represents CaSum with individual fractions designated in the legend. 
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3.4.3. Calcium-Phosphorus   
 There were no significant differences in Ca between soil and stream sediment 
fractions.  All comparisons between soil and lake sediment Ca fractions were significant 
with the exception of CaNaOH-85.  Mean CaSum ranged from 193 mg kg
-1
 in soils, to 624 mg 
kg
-1 
in stream sediments, and to 3,444 mg kg
-1 
in lake sediments.  The increase in CaSum 
from soils to lake sediments was largely attributable to the increase in the CaNH4Cl fraction 
(Figure 3.6). 
 
Figure 3.7. Soil and sediment exposed and occluded apatite by sample location at 
Hadlock Brook Watershed, Maine.  Soil sample locations are distance from the stream, 
stream sediment locations are distance from the inlet, and lake sediment samples are 
water depth. 
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 Apatite-P (PHCl + PHCl-Pulv) increased in concentration with decreasing distance 
from the stream (r=0.70, P=0.23, n=5), and increased from near inlet sediments to those 
in the deepest area of the lake (r=0.80, P=0.13, n=5) (Figure 3.7).  Despite a numerical 
trend for increasing apatite-P concentrations from the soils furthest from the stream to the 
deepest area of the lake, there were no significant differences between overall means for 
soils and stream sediments, or stream and lake sediments, for PHCl or PHCl-Pulv.  However, 
PHCl and PHCl-Pulv overall means were significantly different between soils and lake 
sediments.  Mean PHCl increased from 33 mg kg
-1
 in soils, to 89 mg kg
-1
 in stream 
sediments, to 112 mg kg
-1
 in lake sediments.  Mean PHCl-Pulv increased from 32 mg kg
-1
 in 
soils, to 38 mg kg
-1
 in stream sediments, to 71 mg kg
-1
 in lake sediments.  Mean PHCl-Pulv 
as a percent of total HCl extractable P (PHCl Sum) ranged from 49% in soils, to 30% in 
stream sediments, to 39% in lake sediments.   
 3.4.4. Surface Area 
  Surface area values (Table 3) were modestly and negatively correlated with PHCl           
(r=-0.47, P=0.11, n=12) and PHCl-Pulv (r=-0.25, P=0.44, n=12) concentrations.  Mean 
surface area (<2 mm) was greatest in soils 9.4 m
2
 g
-1
, decreased to 2.5 m
2
 g
-1
 in stream 
sediments, then increased to 5.6 m
2
 g
-1
 in lake sediments.  Both AlNaOH-25 and FeNaOH-25 
concentrations were correlated with surface area in soils and sediments (r
 
= 0.77, 
P=<0.01, n=12) and (r = 0.42, P=0.16, n=12), respectively.  
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3.5. Discussion 
 Individual strata (i.e. soils, stream sediments, and lake sediments) revealed unique 
characteristics in their distribution of P, Al, Fe, and Ca among fractions.  Several 
mechanisms related to physical and chemical weathering are likely responsible for these 
patterns.  The near stream increase in exchangeable Al was likely the cause for a sharp 
decrease in O-horizon extractable P in the near stream zone resulting from P fixation by 
Al in a relatively unavailable form (Figure 3.2).  Similar spatial trends in soil Al with 
proximity to the stream were reported for the nearby Bear Brook Watershed in Maine 
(Pellerin et al., 2002). 
 Higher concentrations of extractable P in O-horizons compared to underlying 
mineral soils (Table 3.2) were attributable to a relatively efficient biocycling of P in 
forested ecosystems, where uptake by roots returns P to the soil surface in litterfall  
(Wood et al., 1984; Yanai, 1992).  Mineralization of litter delivers P to the surface 
organic soil materials, where the operationally defined available fraction of P (i.e., 
extractable P) can reflect litterfall inputs.  The decline in extractable P from the forest 
floor to mineral horizons is a consequence of increasing concentrations of illuvial Al and 
Fe in the mineral subsoil resulting in retention of P through metal fixation (Fox et al., 
1990; Yanai, 1992; Darke and Walbridge, 2000; Kana and Kopáček, 2005; Norton et al., 
2006; Sherman et al., 2006).  It is likely that extractable P pool sizes are still much 
greater in the mineral soil despite the concentration trend.  This is attributable to the 
greater thickness and density of the mineral soils resulting in a greater soil mass. 
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3.5.1 Phosphorus, Aluminum, and Iron 
 The P fractionation data for lower mineral soils suggested a spatial pattern of 
decreasing PSum concentrations from 100 m to 0.1 m from the stream (Figure 3.3).  This 
pattern in PSum was largely the result of decreases in PNaOH-25 and was mirrored by spatial 
patterns of parallel decreases in soil AlSum (Figure 3.4) and FeSum (Figure 3.5) along this 
topographic gradient.  The trends in Al and Fe concentrations reflect a decreasing 
intensity of spodic horizon development expressed as decreasing illuvial accumulations 
of Al and Fe with decreasing distance from the stream.  Changes in Al and Fe are 
presumably controlled by incremental decreases in soil drainage from the 100 m to the 10 
m sample.  Drainage, or more specifically the vertical translocation of organic acids in 
the form soluble Al and Fe complexes, is essential to the formation of Spodsols 
(Lundstr m and Breeman, 2000) and is enhanced in the more freely draining soils in 
comparison to soils with poorer drainage.  This process of illuvial translocation of metals 
to mineral subsoils diminishes with proximity to the stream because soil drainage is 
increasingly impeded with decreasing slope.  At 10 m from the stream, there was a sharp 
decrease in surface area and LOI making soils more similar to stream sediments in their 
physical properties (Table 3.3).  This pattern was attributed to erosional processes 
associated with high discharge events that have transported finer particles over time while 
leaving larger particle size classes behind.  The low mean stream sediment PSum is likely 
driven by the absence of secondary mineral accumulations and subsequently lower P 
adsorption capacity.  Stream sediments had lower concentrations of AlNaOH-25, direct 
evidence of the lower concentrations of sesquioxide coatings.  The greater mean PSum in 
lake sediments compared to soils and stream sediments could result from (a) the 
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transportation of particulate P from the upper watershed to lake sediments during high 
discharge events (Reinhardt et al., 2004), (b) greater LOI than both soils and stream 
sediments indicative of an organic P source, and/or (c) precipitation of Al from the water 
column following photo-oxidation of organically bound Al that can both scavenge P from 
the water column and increase sediment Al concentrations (Kopáček et al., 2006).  The 
evidence from this study shows that lake sediments have higher organic matter content 
than soils and stream sediments (Table 2), and appear to have the majority of the P stored 
in the PNaOH-25 fraction (Figure 3.3).  Both organic and Al combined P could be 
responsible for the higher PNaOH-25 in lake sediments, and the PNaOH-25 fraction includes 
both metal and some organic phase P (Wilson, 2008). 
 The Al and Fe extract ratios for soils, stream sediments, and lake sediments are 
well in excess of the Kopáček et al. (2005) thresholds, indicating a strong retention 
capacity for P by these substrates.  The Al-rich sediments in Upper Hadlock Pond likely 
prevent the release of P during seasonal anoxia, thus restricting diffusion of P into the 
water column once it has been bound in the sediment.  At these ratios, P released during 
Fe reduction is simply transferred to Al within the sediments rather than diffusing into the 
water column (Kopáček et al., 2005).  This explains the relatively high concentrations of 
P and Al recovered during the PNaOH-25 extraction and the minimal P associated with the 
reducible metals (PBD), presumably dominated by Fe (Figure 3.3).  The high Al:P and 
Al:Fe ratios suggest that P retention will be strong in soils as well.  This is consistent with 
the literature that has shown strong retention of P by Al-rich mineral subsoils in humid, 
temperate forests (Wood et al., 1984; Fox et al., 1990; Sherman et al., 2006). 
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3.5.2. Phosphorus and Calcium 
 The increase in CaSum from soils to stream sediments (Figure 3.6) reflected the 
properties of the particles in the stream bed because they were disproportionately derived 
from less weathered material exposed by streambank undercutting.  Some of the 
difference was also attributable to higher CaNH4Cl.  The less weathered character of the 
stream sediment is supported by a concurrent decrease in AlNaOH-25 from soils to stream 
sediments, suggesting that the materials in the streambed also lack the degree of 
sesquioxide coatings found in soils.  There was a dramatic increase in CaSum in lake 
sediments compared to soils and stream sediments, driven mostly by much higher 
concentrations of CaNH4Cl.  This is in contrast the more weathered, acidic soils and soil 
solutions that play a greater role during transient high flow periods of the year.  
Ultimately, base flow solutions transported to the lake basin provides sediments with 
Ca
2+ 
that is retained in equilibrium with the water column on cation exchanges sites.   
 The PHCl fraction represents primary exposed mineral apatite-P on the surface of 
mineral soil particles that is exposed to the immediate chemical and physical 
environments.  PHCl-Pulv is thought to represent primary mineral apatite-P phases occluded 
by other soil minerals and thus somewhat protected from weathering.  The relatively 
consistent increases in both PHCl and PHCl-Pulv concentration from soils furthest from the 
stream to the deepest lake sediments reflect two different spatially explicit mechanisms.  
With decreasing distance from the stream in the watershed, there is a decreasing intensity 
of pedogenesis evidenced by decreasing AlNaOH-25 concentrations, LOI, and increasing pH 
(Figure 4).  Relatively small differences across the topographic gradient in the intensity 
of soil weathering could be sufficient to produce measurable differences in soluble 
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apatite, resulting in increasing PHCl concentrations with decreasing proximity to the 
stream.  The higher concentrations of apatite-P (PHCl + PHCl-Pulv) in stream sediments 
relative to soils reflects their less-weathered nature and likely composition of deeper, 
unaltered C-horizon materials exposed during undercutting of streambanks.  This 
explains the higher proportion of apatite-P to PSum in stream sediments (59%), compared 
to soils (19%), and lake sediments (18%).  Although lake sediments had the lowest 
apatite-P as a percentage of PSum, due to the high PNaOH-25 concentrations, they had the 
highest concentrations of PHCl and PHCl-Pulv (Figures 3.3 and 3.6).  Increasing apatite-P   
concentrations with increasing distance from the inlet (and increasing lake depth) could 
be partly attributed to sorting by lake water where finer particles are preferentially 
deposited deeper in the lake, while coarser particles settle out more quickly in the 
stream’s delta.  There is little surface erosion in these intact forested watersheds that 
would contribute highly weathered materials from the solum to stream sediment.  
Therefore, sediments exported to the lake are not highly weathered, and finer stream 
sediments exported the farthest in the lake will likely not have been depleted of PHCl as a 
result of chemical weathering.  Instead, finer particles will have a greater surface area and 
therefore higher concentrations of PHCl (exposed apatite-P).  The influence of surface area 
on PHCl is reflected in greater concentrations of PHCl in lake sediments farther from the 
inlet.  We initially hypothesized that PHCl-Pulv (defined here as occluded apatite-P) would 
be highest near the inlet and decrease along the lake transect with decreasing particle 
size.  However, PHCl-Pulv concentrations did not display this pattern, suggesting that 
partitioning of PHCl-Pulv by particle size was not evident. 
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3.5.3. Surface Area Analysis 
   The surface area results showed a striking difference between lake sediments 
and soils that ran counter to expectations based on simple particle size distributions 
where we might expect finer lake sediments to have higher surface areas compared to 
coarser textured soils.  Our results demonstrated that soils had higher surface areas that 
were attributable to illuvial accumulations of amorphous secondary Al and Fe coatings on 
soil particles, rather than simple particle size differences (Mayer and Xing, 2001; Zhuang 
and Yu, 2002).  We also hypothesized that eroded sediment entering the lake might result 
in coarser sediments being deposited near the inlet with progressively finer particle sizes 
in more distant and deeper sediments.  While the PHCl data suggest this trend, it could not 
be corroborated using surface area measurements and we concluded that no such physical 
partitioning was directly detectable in these lake sediments.  Surface area was determined 
to be a poor proxy for soil and sediment primary particle size given the significant 
surface area attributable to secondary Al and Fe coatings and their strong correlations to 
surface area in this study.  Additional analyses would be required to directly determine if 
primary mineral particle size distributions could explain differences in apatite in these 
substrates.  The surface area results did appear to explain the contrast between soils and 
lake sediments that had a relatively high P retention and high surface area, and stream 
sediments with low P retention and low surface area.  
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Table 3.3: Surface area measurements for soils, stream sediments, and lake sediments 
from Hadlock Brook Watershed 
Substrate Location Surface Area  LOI  
 
   m m
2
 g
-1
 % 
 Soil 100 12.4 17.5 
 " 60 11.7 14.3 
 " 40 15.0 10.4 
 " 10 2.8 4.3 
 " 0.1 5.4 6.2 
 Stream Sediment 200 2.3 1.9 
 " 100 2.7 1.1 
 Lake Sediment 1.9 5.3 31.7 
 " 4.0 6.4 29.9 
 " 6.0 5.4 30.0 
 " 10.3 5.1 26.5 
 " 13.7 6.0 30.3 
  
 
3.6. Conclusions 
Our findings highlight the presence of systematic spatial patterns within the 
watershed–stream-lake continuum for P chemistry and the complex mechanisms 
responsible for their characteristics.  The results demonstrate that secondary Al plays the 
dominant geochemical role in both controlling P dynamics and, along with secondary Fe 
phases, influencing the surface area of the substrate.  Despite the relatively coarse particle 
sizes commonly associated with Spodosols derived from glacial till, illuvial 
56 
 
accumulations of Al and Fe result in both high surface areas and high P sorption 
capacities compared to other components of the watershed.  Stream sediments seem to 
originate from deeper, less weathered layers of the soil and have low accumulations of 
secondary Al and Fe and low surface area.  As a result, stream sediments have little 
capacity for adsorbing P relative to soil or lake sediments.  In lake sediments, the 
relatively high concentrations of Al associated P suggests that Al rich sediments can 
adsorb and retain P irreversibly, leading to oligotrophy in the water column, as suggested 
by Kopáček et al. (2005).  Despite the acidic character of these soils, after ≈13,500 years 
of post-glacial weathering, apatite-P is still present in this watershed as both exposed and 
occluded apatite.  The distribution of apatite-P in soils, stream sediments, and lake 
sediments appears to be controlled by differences in the degree of weathering between 
soils and lake sediments, coupled with the sorting processes that derive lake sediments 
from, in part, erosional processes in the watershed.  Landscapes are composed of 
different units (i.e., ecosystems) within which different mechanisms organize P fractions 
and availability.  In each unit there is a combination of physical, chemical, and biological 
processes that determine the sequestration and mobilization of P.  Linkages among 
landscape units reflect both particulate and solute mechanisms of transfer for P and 
associated elements.  This research demonstrated that Al was the dominant element 
controlling P dynamics in this New England forested watershed.  
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Chapter 4 
CONTROLS ON PHOSPHORUS FRACTIONS IN ACIDIC SOILS OF HUMID 
TEMPERATE FORESTS. 
 
4.1. Abstract 
We used phosphorus (P) fractionation techniques to study the accumulation, 
mobilization, and availability of soil P in six watersheds of the eastern United States and 
Europe, two of which included paired long-term acidification experiments.  Although 
total soil P concentrations varied widely among these watersheds, the proportion of P 
fractions was relatively uniform.  The P fraction associated with aluminum (Al) in the 
reference watersheds accounted for 71% (S.E=0.78) of P on a mean basis and 
consistently dominated P retention.  Experimental whole-watershed acidification resulted 
in significant depletions of Al-P from the upper mineral soil in treated watersheds.  
Dissolution of Al hydroxide by acidic solutions travelling along shallow flowpaths 
mobilizes and depletes P from the Al-P fraction.  Because pH controls Al solubility, it 
appears that pH also influences Al:P ratios in the predominant Al-P fraction of these 
mineral soils.  Biocycling in these forests plays an important role in linking subsurface 
mineral soil P to surface O-horizon available P.  In this study, sites with the lowest 
mineral subsoil Al:P ratios generally had the lowest pH’s and the highest O-horizon 
available P concentrations.  The net effect of this was to leave subsoil P more 
bioavailable at the lower pH values because of a more favorable Al:P ratio across the 
mineral subsoil pH range (3.2-4.8) of this study.  Changes in soil acidity due to 
management, air pollutants or pedogenesis could shift P availability by altering acidity 
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and the Al:P balance.  Here we show evidence that processes affecting soil Al may 
directly alter P dynamics.  
 
4.2. Introduction 
 Phosphorus (P) inputs to unfertilized forest lands are largely limited to those 
derived from soil parent materials, with minimal inputs from precipitation (Walker and 
Syers, 1976; Newman, 1995).  In most parent materials the dominant form of P is apatite 
[(Ca5(PO4)3(OH,F,Cl)] (Walker and Syers, 1976).  Geochemical weathering in soils 
results in the dissolution of primary minerals, and in the case of apatite, weathering 
releases P into the soil environment to be utilized by biota, adsorbed to aluminum (Al) 
and iron (Fe) secondary phases, precipitated as a secondary calcium (Ca) phase, or 
leached from the ecosystem (Smeck, 1973; Crews et al., 1995).  In temperate, humid 
forests occurring on pedogenically young, acid soils, the majority of the P becomes 
associated with Al and Fe hydroxide (Wood et al., 1984; Fox et al., 1990; Darke and 
Walbridge, 2000; Kana and Kopáček, 2005; Norton et al., 2006; Sherman et al., 2006).  
In a study of eleven Maine lakes, Amirbahman et al. (2003) suggested that in eutrophic 
lakes Fe dominated internal P cycling in sediments while in mesotrophic/oligotrophic 
lakes other mechanisms including adsorption of P by Al hydroxide likely dominate 
internal P cycling.  Kopáček et al. (2001) demonstrated that in lake sediments with high 
Al concentrations, P sorption by Al can be sufficient to prevent P release even during  
 periods of anoxia and that under these conditions Al will dominate lake P cycling.  The 
high concentrations of secondary Al in soils derived from weathering of alumino-silicate 
parent materials should lead to Al domination of P retention mechanisms in soils as well 
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(Walker and Syers, 1976; Likelema, 1980; Wood et al., 1984; Richardson, 1985; 
Schoenau et al., 1989; Beck and Elsenbeer, 1999; Darke and Walbridge, 2000; 
Richardson et al., 2004; Norton et al., 2006; Sherman et al., 2006).  
  Both the eastern United States and Europe have been influenced by atmospheric 
deposition of sulfur (S) and N that have contributed to soil acidification (Likens et al., 
1996; Fernandez et al., 2003; Watmough et al., 2005).  Acidification of soils has been 
demonstrated to result in base cation depletion as a result of base cation exchange 
buffering processes (Fernandez et al., 2003).  As acidification progresses, base cation 
exchange buffering is depleted and Al buffering becomes increasingly important, 
resulting in the mobilization of soil Al (Driscoll, 1985; David et al., 1991; Norton et al., 
2004).  We hypothesized that if Al exhibits strong controls on the accumulation of P, the 
mobilization of Al due to acidification could alter soil P dynamics.  Evidence of this has 
been seen at the Bear Brook Watershed in Maine (BBWM), where whole-watershed 
experimental acidification resulted in increased stream export of Al, Fe, and P during 
high discharge events.  These hydrologic events were associated with precipitation or 
snowmelt events leading to soil solutions moving through shallow, relatively acidic soil 
flow paths dissolving Al hydroxide and mobilizing the associated P (Reinhardt et al., 
2004).   
 While S deposition has declined in the United States and Europe, N deposition is 
predicted to increase globally in the future (Galloway et al., 2004; Kopáček and Veselý, 
2005; NADP, 2008).  Besides contributing to soil acidification, atmospheric deposition of 
N can influence P cycling by reducing N mineral nutrient limitations on forest vegetation 
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and increasing the potential for P limitation (Aber et al., 1998; Gradowski and Thomas, 
2006).  
 Evidence suggests that soil acidification can result in the mobilization and 
potential export of Al, Fe, and P from soils.  Although we recognize that Al is important 
in soil P sorption, we have limited knowledge of the relative distribution of various 
chemical forms of P in acid, forested mineral soils.  Further, we do not know which 
chemical forms of soil P are most likely to contribute to P mobilization and export during 
episodic or chronic acidification.  Understanding these mechanisms can be important to 
define the trajectory of change in N and P stoichiometry in soils and associated surface 
waters. 
 One approach to characterizing and studying chemical phases of elements in soils 
is through fractionation techniques.  There is a large literature on the utilization of P 
fractionation techniques in soils such as those originally developed by Chang and Jackson 
(1957), which provided the foundation for later modifications such as those of Hedley 
(1982) and Psenner et al. (1988).  These techniques characterize the distribution of P into 
operationally defined, yet chemically meaningful fractions.  The objectives of this study 
were to use P fractionation techniques on soils from a suite of acidic, forested watersheds 
to determine (a) distributions of P, Al, and Fe among chemical fractions, (b) the 
consequence of acidification on soil P, Al, and Fe fractions, and (c) spatial patterns of 
these properties within the watersheds. 
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4.3. Materials and Methods 
This study was conducted at six humid, temperate watershed research sites in the 
eastern United States and Europe (Figure 4.1).  The study sites represent cool, temperate  
forested watersheds on acidic soils, each with a history of research on the 
biogeochemistry of watershed acidification.  Details of the sites are as follows: 
4.3.1. The Bear Brook Watershed in Maine (BBWM) 
Located in eastern Maine, USA, BBWM is a long-term, paired watershed 
acidification experiment.  East Bear (EB) comprises 11.0 ha and serves as the reference 
watershed while West Bear (WB) is 10.3 ha, and has been treated bimonthly with 
ammonium sulfate [(NH4)2SO4] at the rate of 28.8 kg S ha
-1
 yr
-1
 and  25.2 kg N ha
-1
 yr
-1 
since November 1989.  The mean annual temperature is 4.9°C ranging from -30°C to 
35°C.  Mean annual precipitation is 140 cm. Soils in both watersheds are coarse-loamy, 
mixed, frigid Typic Haplorthods formed from till.  Bedrock is primarily quartzite and 
gneiss with granitic intrusions (Fernandez et al., 2003).  Vegetation was similar in both 
watersheds with higher elevations dominated by red spruce (Picea Rubens Sarg.) and 
balsam fir (Abies balsamea L.) while lower elevations were dominated by northern 
hardwoods, predominately American Beech (Fagus grandifolia Ehrh.), sugar maple 
(Acer saccharum Marsh.), and red maple (Acer rubrum L.) (Norton et al., 1999).   
 4.3.2. The Fernow Experimental Forest (FEF)  
The FEF is a long-term, paired watershed acidification experiment located in the 
Appalachian Mountains of north-central West Virginia, USA.  Watershed 4 (F4) is 34 ha 
and acts as a reference, while watershed 3 (F3) is 39 ha and has been treated three times 
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Figure 4.1.  Location of research sites.  Triangles indicate whole watershed paired acidification 
experiments. 
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per year with (NH4)2SO4 at a rate of 40.6 kg S ha
-1
 yr
-1
 and  35.4 kg N ha
-1
 yr
-1
 since 
January 1989.  Mean annual temperature is 8.8°C and mean annual precipitation is 147 
cm (USDA Forest Service, 2008).  Soils in both watersheds are loamy-skeletal, mixed, 
active, mesic Typic Dystrochrepts formed in colluvium and residuum overlying 
sandstone and shale (Kochenderfer, 2006).  The dominant overstory vegetation consisted 
of American Beech (Fagus grandifolia Ehrh.), black cherry (Prunus serotina Ehrh.), red 
maple (Acer rubrumn L.), and red oak (Quercus rubra L.) (Edwards et al., 2002).   
 4.3.3. Hadlock Brook (HB)   
The Hadlock Brook watershed is 47.2 ha and is located in Acadia National Park 
(ANP) in eastern Maine, USA.  Mean annual temperature for nearby Bar Harbor, Maine 
is 7.5°C and mean annual precipitation is 141 cm (Nelson, 2002).  Soils have developed 
in till and are predominately coarse-loamy, mixed, frigid, Aquic Haplorthods (Parker et 
al., 2002).  Vegetation in the lower watershed was dominated by red spruce (Picea 
rubens Sarg.) and balsam fir (Abies balsamea L.) with areas of grey birch (Betula 
populifolia Marsh.) (Sheehan et al., 2006).   
4.3.4. Mud Pond (MP)   
The Mud Pond watershed is located in eastern Maine.  Mean annual precipitation 
is 111 cm and mean annual temperature is 6°C.  Soils are loamy, mixed, frigid Lithic 
Haplorthods and coarse loamy-skeletal, mixed, frgid Typic Haplorthods formed in glacial 
till (Rustad and Cronan, 1995).  The canopy was dominated by red spruce (Picea Rubens 
Sarg.)  
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 4.3.5. Lesni Potok (LP)   
The Lesni Potok watershed is 76 ha located approximately 30 km ESE of Prague 
in the Czech Republic.  Mean annual precipitation at Lesni Potok is 60 cm, with a mean 
annual temperature of 7°C (Navratil, 2003).  Soils are classified as Dystrochrepts 
(Dystric Cambisols).  The bedrock underlying the watershed is granite.  Vegetation was 
predominately European beech (Fagus sylvatica L.) and Norway spruce (Picea abies L.).   
4.3.6. Strengbach (SB) 
The Strengbach watershed is 80 ha, and located in the Vosges Mountains of 
northeastern France.  Mean annual temperature is 6°C with 140 cm of annual 
precipitation.  Soils are classified as Dystrochrepts and Haplorthods (Fichter et al., 
1998a).  Bedrock is hydrothermally altered granite (Fichter et al., 1998b).  Vegetation in 
the catchment was dominated by Norway spruce (Picea abies L.) with stands of 
European beech (Fagus sylvatica L.).   
4.3.7. Soil Sampling 
 Soil sampling was conducted during the summers of 2005 and 2006.  Four of the 
watersheds (HB, MP, F3, F4) were sampled using a balanced paired transect design.  
Within each watershed, two transects were established originating at the stream and 
extending upslope to the watershed boundary perpendicular to the stream.  Transects 
were located in areas of the watershed representative of the dominant watershed 
characteristics with regards to vegetation, slope, and soils.  This resulted in all samples 
being collected under a hardwood a canopy at FEF and under a softwood canopy at HB 
and MP.  Sampling locations were along transects at (a) 0.1 m, 1 m, and 3 m, and (b) then 
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at four additional locations distributed relatively evenly along the remaining extent of the 
transect.  This resulted in a total of 7 sample pedons per transect. 
 At the European sites (SB and LP), a similar paired transect design was used; 
however, one transect was more intensively sampled than the other.  At SB, sampling 
locations along the intensive transect were located under a softwood canopy at 0.1, 1, and 
3 m, with five additional pedons distributed along the transect.  The second transect at SB 
was established in order to study the area of the watershed dominated by a hardwood 
canopy.  This transect consisted of 4 sampling locations distributed along the hillslope 
and did not intersect the stream channel.  At LP, sampling locations along the intensive 
transect were at 0.1, 1, 3 and 10 m from the stream, and then every 10 m to a distance of 
80 m.  The second transect was sampled at 1, 40, and 80 m from the stream.  Both 
transects at LP were located under hardwood canopies. 
 In all watersheds a pedon was excavated at each sampling point.  O-horizons were 
quantitatively sampled from within a 30 cm x 30 cm frame.  E-horizons were not sampled 
because of their thin and inconsistent presence and limited chemical reactivity.  Two 
depth increments of the underlying mineral soil were sampled to include (a) an 
uppermost sample that best represented the dominant pedogenic processes at the site, and 
(b) a deeper sample that represented soils that had undergone limited development.  The 
upper sample was standardized as the 0-10 cm depth increment of the B-horizon.  
Commonly, C-horizons were dense basal till, and the deeper increment was standardized 
to be the 10 cm increment immediately above the C-horizon.  Soils were sampled by 
excavating the pedon to the C-horizon and sampling mineral soil proportionally with 
respect to depth from the two 10 cm intervals.  At F3 and F4, deeper soils made 
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collection of the 10 cm above the C-horizon impractical and the deep increment was 
standardized as a 40-50 cm depth representing the lower B-horizon below the zone of 
maximum illuvation.  In ≈ 10% of pedons, collecting the 10 cm above the C-horizon was 
impossible or impractical because soils were too shallow due to bedrock or obstructions.  
In those cases the deepest possible 10 cm increment was collected.  The mean depth for 
all deep mineral soil samples was 40.05 cm, consistent with the ≈40-50 cm depth interval 
used at FEF. 
 At BBWM, a total of 12 pedons were divided amongst the four compartments (i.e. 
EB softwoods, EB hardwoods, WB softwoods, WB hardwoods).  O-horizons were 
sampled quantitatively by removing all organic soil within a 30 cm x 30 cm frame.  
Mineral soil depth increments sampled at BBWM included 0-5, 5-25, and 25 cm to the 
top of the C horizon (i.e., 25-C horizon) for consistency with the time series of BBWM 
soil studies.  A grab sample of the upper C-horizon was obtained from all pedons where 
possible.  All other aspects of the sampling procedures at BBWM were identical to those 
used at the other watersheds in this research.  In this analysis, the 0-5 cm increments from 
BBWM and the 0-10 cm increments from the other watersheds are referred to as upper-B, 
and the 25-C increment at BBWM and the 10 cm above the C-horizon from the other 
watersheds are referred to as lower-B.  
4.3.8. Soil Analysis 
 Soil samples were secured in double plastic bags in the field, placed immediately 
in coolers on ice, and transported to the laboratory the same day.  Soil samples were air-
dried, sieved (2 mm sieve for mineral horizons, 6 mm sieve for organic horizons), and 
homogenized prior to being subsampled for chemical analyses.  Subsamples were oven-
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dried at 105°C (mineral) or 70°C (organic) in order to determine air-dried moisture 
content to allow data to be expressed on an oven–dried basis.  Soils from all sites were 
sampled and characterized for pH, organic matter, and exchangeable cations in the O-horizon 
and mineral soils as part of a related study by SanClements (2009). 
4.3.8.1. Phosphorus Fractionation.  Soil samples were analyzed using a 
modified version of the sequential P fractionation method developed by Psenner et al. 
(1988).  In this research, modifications included extracting with 1 M NH4Cl in the first 
fraction rather than H2O, and using 0.1 M instead of 1 M NaOH solution in the third 
fraction (Likelema, 1980; Wilson, 2008).  One gram soil samples were sequentially 
extracted into the following P fractions:  (1) 1 M NH4Cl, pH 7, at 25°C  for 1 hour 
considered the exchangeable fraction (PNH4Cl); (2) 0.11 M NaHCO3-Na2S2O4 (BD) at 
40°C for 30 minutes considered P adsorbed by reducible metal hydroxide (PBD), thought 
to be primarily Fe-bound P; (3) 0.1 M NaOH at 25°C for 16 hours extracted P 
predominately associated with Al and some Fe hydroxide and organic P (PNaOH-25); (4) 
0.5 M HCl at 25°C for 16 hours extracted acid-soluble primary mineral P, considered to 
be apatite P (PHCl); (5) 1 M NaOH at 85°C for 24 hours considered to be the refractory 
and residual P (PNaOH-85).  The PNaOH-25 extract was split and an aliquot was analyzed for 
PO4 (PNaOH25r), defined by Psenner et al. (1988) as “reactive P”, using the molybdate-blue 
spectrophotometric method (Murphy and Riley, 1962).  The difference between PNaOH-25 
and PNaOH25r was considered PNaOH25nr, defined as non-reactive P which is thought to 
represent primarily organic-P (Psenner et al., 1988; Psenner and Pucsko, 1988).  All 
extractions were centrifuged at 3000 G for 15 minutes and filtered through Whatman 42 
filter paper (Whatman Inc., Clifton, NJ).  Extractions were then repeated with an 
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agitation time of one minute to rinse samples.  All fractionation runs contained reagent 
blanks and sample replication to assure data quality.  Table 4.1 provides a summary of 
the symbols used and fractions they represent.  All extracts were analyzed for P, Al, Fe, 
and Ca by ICP-AES.  
4.3.8.2. Exposed and Occluded Apatite.  A subset of samples from BBWM, 
MP, FEF, LP and SB were analyzed a second time using a further modification of the 
Psenner fractionation.  This modification sought to gain additional insight on the 
distribution of apatite in these soils through the addition of a second HCl extraction.  
Here the initial PHCl extraction was subsequently followed by pulverization with mortar 
and pestle until the entire sample passed through a 250 μm sieve. 
Table 4.1.  Reference table of symbols for P fractions 
and the general name of the fraction they represent. 
  Subscript Fraction Extracted 
NH4Cl Labile P 
      BD Reducible iron P 
      NaOH-25 Aluminum and some iron P 
      NaOH-25r Reactive aluminum-P 
      NaOH-25nr Non-reactive aluminum P 
      HCl Exposed apatite P 
      HCl-pulv Occluded apatite P 
      NaOH-85 Refractory and residual P 
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The sample was then subjected to a second sequential extraction with 0.5M HCl at 25°C 
for 16 hours to dissolve occluded apatite-P (PHCl-pulv), previously protected by the mineral 
matrix.  All extracts were analyzed for P, Al, and Fe as described above. 
 4.3.8.3. Total Digestions.   
 A subset of 15 soil samples were randomly selected from BBWM, MP, and HB 
and analyzed to evaluate the efficacy of recovery in the Psenner fractionation by 
comparing the sum of the sequential Psenner fractions (PSum) to the results of total sample 
digests (PHF).  Digestions were carried out on 0.25 g samples of air-dry soil using 8 ml of 
nitric acid and 2 ml of hydrofluoric acid (HF) which was added to the soil in a 20 ml 
Teflon screw cap vial.  Samples were then heated gently (sub-boiling) for 8 hours and 
then evaporated to near dryness and the same digestion was repeated until complete 
dissolution was achieved.  Then, 5 ml of 8M HNO3 was added and evaporated to drive 
off any remaining HF acid.  The remaining residue was dissolved in 10 ml of 
concentrated HNO3 over gentle heat, cooled, and diluted to 50 ml for analysis (Eaton et 
al., 1995).  Samples were analyzed for total P, Al, and Fe, as described above. 
4.3.9. Statistical Analysis 
   Data were transformed to meet the assumptions of normality and constant 
variance.  In instances where transformations failed to result in constant variance, 
weighted least squares (1/variance) was employed prior to ANOVA.  Post hoc pairwise 
comparisons were made using Tukey’s HSD.  PNH4Cl and PBD data required non-
parametric analysis by the Kruskal –Wallis test.  Comparisons between treated and 
reference watersheds were calculated using two sample t-tests.  Grand mean comparisons 
between upper and lower B-horizons were conducted using two sample t-tests.  
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Regressions between PSum and PHF were conducted using a general linear model; data met 
the assumptions of normality and variance.  Statistical significance was designated at an 
α level of 0.05.  Statistical analyses were conducted using SYSTAT version 12.0. 
 
4.4. Results and Discussion 
 Table 4.2 shows means for measures of organic matter and the acid-base 
status of the soils in this study.  Mean O-horizon pHCaCl2 ranged from 3.02 to 3.42.  Upper 
B-horizon pHCaCl2 ranged from 3.35 to 3.79 and increased with depth to a range of 3.77 to 
4.33 in the lower B-horizon.  LOI% decreased dramatically from the O-horizon to the  
 
Table 4.2.  Grand means for selected soil characteristics 
for the O and upper and lower B-horizons.  Data from 
SanClements (2009) 
  pHCaCl2 LOI % BS % 
 O-horizon 
    EB 3.13 87 49 
 
WB 3.15 79 33 
 
HB 3.07 83 42 
 
MP 3.03 88 33 
 
F3 3.42 65 61 
 
F4 3.02 84 41 
 
SB 3.31 52 38 
 
Upper B-horizon 
    EB 3.77 17 11 
 WB 3.79 20 7 
 HB 4.14 13 15 
 MP 3.90 7 5 
 F3 3.84 6 6 
 F4 3.99 8 10 
 LP 3.39 3 16 
 SB 3.35 7 6 
 Lower B-horizon 
    EB 4.20 10 7 
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WB 4.31 13 7 
 
HB 4.41 10 19 
 
MP 4.33 6 7 
 
F3 3.96 3 4 
 
F4 4.02 7 8 
 
LP 3.77 2 47 
 
SB 3.98 5 4 
 
 
mineral soil and decreased with depth in the B-horizon.  The low BS% in the mineral soil 
reflects the prevalence of Al on the exchange complex in these soils.  The narrow range 
of pHCaCl2’s and BS% in both the forest floor and mineral soils across this suite of sites 
suggests a relatively characteristic soil acidity common to cool, temperate forest soils 
across a broad region.   
The upper B-horizon increment in this study best represents the pedogenic 
character of these soils and was used to compare the fractionation results among 
watersheds.  Mean P, Al, and Fe concentrations from the fractionation analyses for the 
upper B-horizons from all watersheds, excluding the experimentally acidified watersheds 
(i.e., WB and F3), are presented in Table 4.3.  The concentrations of P, Al, and Fe in all 
fractions were commonly significantly different among the upper B-horizons.  PSum 
concentrations represent the sum of all sequential fractions and are theoretically 
equivalent to the total soil P.  PSum concentrations ranged fourfold among the six 
watersheds, from 6 mmoles kg
-1 
at MP to 25 mmoles kg
-1
 at SB.  Comparing these 
differences in PSum to the results in Table 4.3 for PHCl, operationally defined as a measure 
of primary mineral apatite P, leads us to conclude that the range in PSum was strongly 
linked to the concentrations of apatite in the parent material.  That is, the sites with the 
Table 4.2 Continued 
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highest PSum tended to have the highest values of PHCl (Table 4.3).  Although deep C-
horizon materials were not collected at all sites, a few-C horizon samples were collected 
at BBWM (n=12), LP (n=1), and SB (n=1).  The PHCl data from SB implies high parent 
material P concentrations (349 mmoles kg
-1
) compared to BBWM (86 mmoles kg
-1
) and 
LP (38 mmoles kg
-1
).  These concentrations are reflected in the greater B-horizon PHCl 
concentrations at SB and EB relative to LP.  
 Unlike the notable differences in P concentrations in Table 4.3 among the six 
watersheds, the relative distribution of the soil P fractions for any given watershed were 
remarkably similar.  Therefore, Figure 4.2 shows the grand mean relative distribution of 
P, by fraction, for the upper-B horizons of all untreated watersheds which was applicable 
to all sites.  The available PNH4Cl fraction was in the lowest concentrations, with a mean 
across all upper B-horizons of 0.12 mmoles kg
-1
.  The PNH4Cl fraction is considered the 
most biologically available P, and low concentrations of available P are consistent with 
the reported low P bioavailability commonly found in the B-horizons of acid, Al and Fe 
rich soils of humid temperate forests (Wood et al., 1984; Fernandez and Struchtemeyer, 
1985; Yanai, 1992; Sherman et al., 2006).  On a percent basis, the PNH4Cl fraction 
contributed only 1% of the PSum in the upper B-horizons of these soils, compared to 72% 
for the largest fraction which was PNaOH-25.  The dominance of the PNaOH-25 fraction 
(which also contains a large amount of organic-P and some Fe-P) relative to the other 
fractions measured underscores the importance of Al in P retention.  The concentrations 
of Al and P paralleled each other in their distribution by fraction following the sequence: 
NaOH-25>NaOH-85>HCl>BD>NH4Cl.  The distribution of Fe among fractions did not 
follow the same general pattern as for P and Al but occurred in the order: BD >NaOH-25 
79 
 
>HCl>NaOH-85>NH4Cl.  The dominance of Fe in the BD fraction
 
demonstrates the 
ability of the reducing agent to isolate reducible Fe from hydroxide in the mineral soil 
matrix and is reflected in the AlBD:FeBD ratios which ranged from 0.005 to 0.11.  The 
operationally defined Al-P fraction, designated here as NaOH-25, contained the second 
highest molar concentrations of Fe with Al NaOH-25:Fe NaOH-25  molar ratios ranging from 3 
to 7.  This suggested that although Al dominates in the NaOH-25 fraction, Fe is an 
important component of this fraction.  Upper B-horizon grand mean molar ratios of 
AlSum:PSum and FeSum:PSum ranged from 11 to 69 and 3 to 23, respectively.  The molar 
ratio AlSum:FeSum ranged from 1.6 to 4.1 for the upper B-horizon mineral soils.  The 
higher Al concentrations likely magnify the importance of Al in P sorption in these soils.  
Correlations between P, Al, and Fe for the upper B-horizons are consistent with the 
evidence for a stronger correlation for PSum with AlSum (r=0.55) than with FeSum (r=0.16) 
in the soils. 
 Primary apatite is the original source of soil P that, once released, is 
typically retained in soils by sorption on secondary Al and Fe hydroxide.  The initial HCl 
extraction in this fractionation scheme is thought to extract apatite-P that is exposed on 
the surfaces of mineral grains.  In this study we added an additional step to the 
fractionation scheme that entails pulverization of the mineral grains after the initial HCl
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Table 4.3.  Distribution of P, Al, and Fe by fraction and watershed for upper B-horizon 
samples.  Letters designate significant differences among watersheds. 
             Watershed Fraction 
  Phosphorus mmoles kg
-1
 
  PNH4Cl PBD PNaOH-25 PHCl PNaOH-85 PSum PNaOH-25r PNaOH-25nr 
Hadlock Brook 0.09a 0.02a 8.3a 1.49a 2.3a 12.0a 0.76a 6.14a 
Mud Pond 0.04b 0.06ba 4.3b 0.60b 1.3ba 6.4b 0.78ba 2.55b 
Fernow W4 0.10cb 0.44c 9.4ca 0.27c 2.1cab 12.7ca 1.34c 5.31ca 
Strengbach 0.32d 1.90d 19.1d 2.23d 1.7dabc 25.3d 7.86d 7.36dac 
Lesni Potok 0.15eabc 0.87e 5.3eb 0.63e 1.1eab 8.2eab 1.82ec 1.46e 
East Bear 0.05eb 0.25e 11.5ad 1.66 1.7abcde 14.8acd 1.23abce 10.88d 
Mean 0.12 0.72 10.2 0.92 1.7 13.7 2.30 5.62 
         
  Aluminum mmoles kg
-1
   
  AlNH4Cl AlBD 
AlNaOH-
25 AlHCl AlNaOH-85 AlSum 
  Hadlock Brook 0.93a 8.1a 506a 265a 120a 901a 
  Mud Pond 0.05b 6.6ba 207b 98ba 110ba 423ba 
  Fernow W4 0.28cab 3.9cb 190cb 38cb 241c 475cab 
  Strengbach 2.28dabc 4.6dabc 102dc 37dbc 157dab 304db 
  Lesni Potok 0.09e 1.3ec 66ed 41ebcd 151eabd 260ebd 
  East Bear 0.44acd 20.8 456ac 83ab 100abcde 661abc 
  Mean 0.68 7.6 255 94 147 505 
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  Iron mmoles kg
-1
 
  
  FeNH4Cl FeBD 
FeNaOH-
25 FeHCl FeNaOH-85 FeSum 
  Hadlock Brook 0.17a 111a 85a 81a 12.0a 278a 
 
 Mud Pond 0.05ba 61ba 39b 46ba 11.6ba 147b 
 
 Fernow W4 0.09cab 64cb 28cb 23cb 10.6cab 117cb 
 
 Strengbach 2.50d 40db 14d 18dbc 43.6d 77db 
 
 Lesni Potok 0.29eabc 60ebcd 9ed 42ebc 89.5e 115ebcd 
 
 East Bear 0.23abce 205a 143a 67ab 19.2abc 416a 
 
 Mean 0.55 91 54 47 0.6 192 
 
  
Table 4.3 Continued 
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extraction, followed by an additional soil extraction with HCl.  The additional P 
recovered is considered P derived from apatite that was occluded inside mineral grains 
(Syers et al., 1967; Nezat et al., 2007).  The results of the analyses for occluded apatite-P 
(PHCl-pulv) showed that this protected fraction accounted for 59% of total apatite-P (PHCl + 
P HCl-pulv) on a mean basis in soils from BBWM, MP, F4, LP and SB in this study.  
SanClements et al. (2009) found that 49% of total apatite-P was  in the occluded phase in 
the lower B-horizon of the HB watershed.  The occluded apatite-P pool is likely 
important for long-term ecosystem P supply.  The literature also suggests that some of the 
occluded apatite-P could be available to forest vegetation through uptake by 
ectomycorrhizal fungi (EMF) (Wallander, 1999; Scholl et al., 2008), making this P pool 
even more important to understanding P cycling in forests. 
 We compared the sum of the Psenner sequential fractions with a total soil 
digestion procedure (PHF).  Figure 4.3 shows the relationship between these two measures 
of total P and how they compared to the 1:1 line.  Mean recovery of PSum was 123% of 
PHF, yet there was a considerable range in recovery from 64 to 212%.  Despite this 
variation between measures of total soil P, the regression analysis between PSum and PHF 
was significantly correlated (Figure 4.3).  The differences that were evident were 
attributed to differences in precision and recovery between these two approaches.  The 
comparison of the sum of a sequential fractionation with a total digest procedure did 
suggest that P is conserved through the fractionation and PSum is an effective predictor of 
total soil P.   
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Figure 4.2 Distribution of P by fraction on a percent basis.  These data are grand means 
for all watersheds in this study minus the treated watersheds at WB and F3. 
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4.4.1. Spatial Patterns in P Fractions  
 The transect design and depth sampling used in this research allowed us to study 
possible spatial patterns of P fractions.  Evidence of spatial patterns with distance from 
the stream were inconclusive and spatial trends in the fractionation results varied widely 
among watersheds, and sometimes between transects within a watershed.  Despite this 
overall variability, generalizations can be drawn: (a) there is a clear spatial association 
 
Figure 4.3.  Linear regression depicting the relationship between PSum and  
PHF for replicate samples included in subset of total digestions. 
 
between P and Al, with a lesser, but still evident association between Fe and P, and there 
are (b) dramatic increases in variability in the data with proximity to the stream for B-
horizon P, Al, and Fe fraction concentrations along nearly all transects.  
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 Changes in PSum with distance from the stream at MP and F4, expressed as a 
percentage of the highest concentration on the transect, are shown in Figure 4.4 and are 
representative of the range of variation found in spatial patterns of P, Al , and Fe in the 
Figure 4.4.  Spatial patterns in PSum with distance for the stream for both transects  
at MP and F4 watersheds. 
 
measured fractions.  At MP, PSum varied considerably along the transects while at F4 the 
changes were far less.  The inconsistent influence of distance from the stream on soil P, 
Al, and Fe fractions suggests that differences in soil types, soil depth, and slope are 
among the factors that influence flow paths in these catchments, which ultimately is 
reflected in differences in soil chemistry (Mulder et al., 1995).  In the majority of 
instances, upland mineral soils (defined here as > 20 m from the stream) showed far less  
variation with distance from the stream than mineral soils within 20 m of the stream.  At 
distances less than 20 m from the stream channel, P, Al and Fe soil fraction 
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concentrations tended to decrease although there was a great deal of variability in the 
data.  O-horizon soils have also been demonstrated to undergo significant changes in the 
near stream zone, with patterns of increasing Al concentrations.  One study found 
dramatic increases in organic-Al and exchangeable-Al within 5 m of the stream at 
BBWM (Pellerin et al., 2002).  Similar patterns occured in O-horizon exchangeable Al by 
SanClements et al., (2009) at HB and were also seen along one of two transects at MP in 
a related study (SanClements, 2009).  Pellerin et al. (2002) hypothesized that during high 
flow, acidic soil solutions moving through upper soils can mix with less acidic solutions 
forced to the surface in near stream zones resulting in decreased Al solubility and 
precipitation of Al.  Based on the fractionation data reported in this study it is likely that 
precipitated Al in near stream O-horizon soils originates from Al hydroxide mobilized 
from upslope mineral soils.   
 We also examined evidence for vertical variability in the fractionation data by 
comparing the B horizon depth increments sampled.  Figure 4.5 is a difference bar graph 
of P fraction grand means for the upper and lower B-horizons.  The significantly greater 
upper-B PNH4Cl likely reflects the role of biocycling whereby subsoil root uptake delivers 
P to the surface of the soil through litterfall and subsequent mineralization enriches upper 
soil available P pools.  The role of biocycling in enriching upper mineral soil P is further 
reflected in the significantly greater organic-P (PNaOH25nr) and percent of PNaOH25.  The lack 
of a significant difference in inorganic orthophosphate (PNaOH25r) supports the hypothesis 
that incorporation of additional P from organic matter is likely driving these patterns.  
Similar patterns of decreasing percent organically bound P with depth have been reported 
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in Spodosols under beech forests by Beck and Elsenbeer, (1999).  The upper B means 
were also significantly higher with respect to PBD, PNaOH-25, and PSum .  The significant 
 
Figure 4.5.  Differences (upper B minus lower B) in grand mean P concentrations for all 
but the treated watersheds in this study.  Positive values indicate greater molar 
concentrations in the upper-B horizon.  Asterisks denote significant differences occurring 
as organic-P (PNaOH25-%) (P value= 0.07) in the upper-B.   
 
difference in PSum between depth increments is driven by the significantly higher 
concentration of PNaOH-25 in the upper B increment.  Neither Al NaOH-25 nor Fe NaOH-25 
displayed significant differences with depth suggesting that differences in PNaOH-25 were 
not driven by metal sorption but by the higher LOI and P mineralization in the upper-B 
horizons.  The significantly higher mean PBD
 
in the upper-B horizon was not 
accompanied by a significant difference in FeBD but rather by a significantly greater AlBD 
in the upper-B horizon.  Although the depth difference in AlBD was significant, FeBD was 
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11 times greater than AlBD in the upper-B and 19 times greater in the lower-B, and that 
PBD accounts for only 3.8 % of the total P in these watersheds.     
 PHCl, or exposed apatite-P as measured without pulverization, was not 
significantly different between depths.  Nevertheless, there were several noteworthy 
trends.  For the subset of samples treated with a second HCl extraction coupled with 
pulverization (PHCl-pulv), the upper B-horizon grand mean for soils from untreated 
watersheds was PHCl-pulv was 67% of total apatite-P (PHCl + PHCl-pulv), which was similar to 
the lower B-horizon results of 62%, compared to 48% in C-horizon samples (data not 
shown).  The similarity of PHCl and PHCl-pulv by soil depth suggests that the proportion of 
these two apatite-P fractions is similar within the B-horizon, with PHCl increasing relative 
to PHCl-pulv in the C-horizon.  This reflects decreased weathering in the C, relative to B-
horizons, and the subsequent persistence of more exposed apatite.    
4.4.2. Effects of Experimental Acidification 
 Two of the study sites (BBWM and FEF) included paired, whole-watershed 
acidification experiments with 20 years of treatments at the time of this research.  
Experimental acidification at both sites has led to increased export of soil base cations 
(Fernandez et al., 2003; Edwards et al., 2006).  At BBWM it was demonstrated that as 
base cationic buffering was depleted in soils, Al buffering became the dominant acid 
buffering mechanism with the consequent mobilization of soil Al and export to the 
stream (Fernandez et al., 2003; Norton et al., 2004).  Declining stream base cation 
concentrations at BBWM have been accompanied by increased concentrations of  
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Figure 4.6.  Phosphorus by fraction and forest type, when relevant (treated minus 
reference).  Values falling below the line indicate depletion with treatment.  Asterisks 
indicate significant differences at 0.05.  The difference in BBWM softwoods is 
significant at p=0.20. 
 
dissolved Al in the treated WB from approximately 5 μmol L-1 in 1989 to concentrations 
commonly exceeding 40 μmol L-1 after two decades of treatments.  Over the same period, 
increases in episodic stream exports of particulate Al were even greater, ranging up to 
520 μmol L-1 Al in WB compared to 185 μmol L-1 in EB (Norton et al., 2004).  
Subsequent increases in total P (mostly particulate) were also detected in the WB stream 
during high discharge events with increases of up to 100 μg L-1  (Norton et al., 2004; 
Reinhardt et al., 2004) despite base flow P concentrations commonly being below 
analytical detection (<0.5 μg L-1).  Streamwater concentrations of particulate Fe 
responded similarly during high flow in both watersheds suggesting that Fe has not 
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responded as quickly as Al to long-term experimental manipulations.  Comparable 
mechanisms of response to acidifying treatments have also been documented at the FEF 
(Edwards et al., 2006; Laird, 2006).   
 Evidence of Al mobilization with chronic experimental acidification at BBWM 
and FEF led to the hypothesis that P associated with these secondary Al phases might 
also be mobilized, potentially leading to a transient period of increased P availability, and 
ultimately a net P depletion.  To examine the evidence for this hypothesis we compared 
soil P, Al, and Fe fractions from the reference and experimentally acidified watersheds at 
BBWM and FEF.     
 Figure 6 depicts differences in P by fraction between the treated and reference 
watersheds at BBWM and FEF.  The PNaOH-25 fraction, which is predominately P 
chemically associated with secondary soil Al, dominated the pool of P in these soils and 
appeared most susceptible to mobilization by acidity.  As acidification mobilized 
secondary Al, it appears that P associated with this Al was simultaneously mobilized and 
depleted over time.  Both the A-horizon and 0-10 cm increment of the B-horizon in W3 
had significantly lower concentrations of PNaOH-25 relative to the reference watershed W4 
(Figure 4.6).  Experimental acidification on W3 at FEF was associated with a 30% lower 
concentration of PNaOH-25 in the A-horizon and a 20% lower concentration of PNaOH-25 in 
the 0-10 cm increment of the B-horizon (Figure 4.6).  In both instances, where 
significantly lower concentrations of PNaOH-25 occurred they were accompanied by 
significantly lower concentrations of AlNaOH-25 in the treated watersheds.  FeNaOH-25 
decreased by 10% in the A-horizon with treatment, and increased by 17% in the 0-10 cm 
increment of the B-horizon.  The A-horizon in W3 also exhibited a significant decrease in 
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the PNaOH-85 fraction.  This fraction is thought to contain more highly crystalline Al 
hydroxide and their associated P.  The persistence of this fraction through previous steps, 
and the contents of the extract reflect the presence of recalcitrant Al hydroxide.  The 
mean concentrations in the extract were 151 mmoles kg
-1
and 0.5 mmoles kg
-1
, for Al and 
Fe, respectively; demonstrating that the majority of the P is associated with Al.  The 0-10 
cm of the B-horizon in F3 was not significantly different in PNaOH-85 (Figure 4.6) which 
may reflect the lesser exposure of the upper B-horizons to the treatment relative to A-
horizons (Bache, 1984; Pellerin et al., 2002; Norton et al., 2006).  The PNaOH-25 fraction 
from the 0-5 cm increment in WB softwoods was 45% lower than the PNaOH-25 fraction in 
EB (p=0.20) (Figure 4.6).  The concentrations of AlNaOH-25 and FeNaOH-25 were lower, but 
not significantly so, in the treated watershed by 22% and 28%, respectively.  The similar 
increases in stream Fe concentrations during high flow in both EB and WB, as noted by 
Reinhardt et al. (2004), suggest that export of Fe associated P would be similar in both 
watersheds but and undetectable in this experimental data.  As in-stream concentrations 
of Fe did not change with treatment, the difference in FeNaOH-25 may reflect a preexisting 
difference between EB and WB.  Alternatively, Fe mobilization may be more controlled 
by Eh (and thus flow) than by small changes in pH.  Furthermore, the small amount of 
PBD relative to PNaOH-25 in the soils of the reference watershed indicates that little of the 
mobilized P was likely associated with Fe hydroxide.  
 Experimental acidification did not result in lower PNaOH-25 (Figure 4.6) or AlNaOH-
25 in soils from the 0-5 cm increment of the B-horizons under the hardwood canopy at 
BBWM.  Although differences in mean pH were not sufficient to explain the 
mobilization of PNaOH-25 and AlNaOH-25 from soils under hardwoods in the treated 
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watersheds at FEF but not BBWM (Table 4.2), the samples from FEF (i.e., F3 and F4) 
appear to exhibit a greater and more uniform difference in pH with treatment compared to 
BBWM (i.e., EB and WB) (Figure 4.7).  This greater apparent decrease in pH with 
treatment at FEF could reasonably result in the increased mobilization of Al in F4 
hardwoods, while the more variable and less evident pH effects in WB hardwoods might 
not have been sufficient to mobilize AlNaOH-25 and PNaOH-25 from those soils. 
 Despite differences in forest type response by site, these data lend support to the 
hypothesis that chronic acidification has the potential to mobilize P due to acidified 
solutions moving through shallow soil flowpaths where Al hydroxide is solubilized, 
thereby mobilizing the associated P.  
4.4.3. Linkages Between Al, pH, P and Availability to Biota 
 Kopáček (2005) investigated geochemical controls on water column P 
concentrations in lakes in the Czech Republic and demonstrated the dominance of Al in 
controlling water column P availability and sediment P sorption.  He used similar 
chemical fractionation methods as used in this study, except that in the first extraction for 
available P he used water (H2O) rather than NH4Cl and 1 M NaOH, instead of 0.1 M 
NaOH in the third extraction.  He used the proportions of sediment Al, Fe, and P as 
predictors of water column P concentrations because Al and Fe exert such strong controls 
on P mobility in sediments.  His results showed that in sediments with a molar ratio of 
Al(H2O+BD+NaOH-25):Fe(H2O+BD+NaOH-25) >3 and AlNaOH-25:P(H2O+BD)>25, anoxia no longer 
resulted in P release from sediments.  He interpreted this to mean that Al will dominate P 
chemistry in lake sediments when sediment Al concentrations significantly exceed Fe or 
P concentrations.  This is particularly important during periods of anoxia when Fe bound 
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P would otherwise be released to the water column, but is irreversibly adsorbed by Al in 
sediments (Norton et al., 2006).  In the study of soil P fractions  
 
Figure 4.7.  Al(NaOH-25):P(NaOH-25) plotted against pH for raw data from all upper B-horizon 
increments analyzed in this study. 
 
reported here, we applied this approach to evaluating the interaction of Al and Fe with P, 
but substituted our NH4Cl fraction for the H2O fraction used by Kopáček et al. (2005) as 
described earlier.  We found that the mean Al(NH4Cl +BD+NaOH-25):Fe(NH4Cl +BD+NaOH-25)  ratios 
for the upper B-horizons in this study ranged from 1.0 at LP to 2.6 at HB.  These were all 
below the threshold of 3 proposed by Kopáček et al. (2005) for lake sediments, which, by 
itself, could suggest a greater potential for P mobility if these soils were exposed to 
reducing conditions.  It is also important to note that these ratios may have differed 
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should our method have employed 1M NaOH as opposed to 0.1M NaOH.  However, the 
ratio of AlNaOH-25:P(NH4Cl+BD)  ranged from 34 to 2483, greatly exceeding Kopáček’s 
threshold of 25.  The somewhat lower Al(H2O+BD+NaOH-25):Fe(NH4Cl +BD+NaOH-25) tells us that  
 
Figure 4.8.  PNaOH-25 and AlNaOH-25 as a function of pH for all upper-B horizon 
samples in this study. 
 
these soils have significant illuvial accumulations of both Al and Fe, consistent with 
Spodosol development.  However, the metal ratio tells us nothing about P concentrations, 
and it is evident from the ratios of Al to P (i.e., AlNaOH-25:P(NH4Cl+BD)), that ranged from 34 
to 2483, and Fe to P (i.e., FeNaOH-25:P(NH4Cl+BD)), that ranged from 24 to 338, that these 
soils have low available P relative to the concentrations of Al and Fe available for P 
retention.  If these soils are subject to periods of anoxia during wet seasons, we expect 
some Fe reduction potentially mobilizing fixed P.  We hypothesize that P mobilized from 
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Fe phases during reducing conditions would likely be irreversibly adsorbed by secondary 
Al phases because of the relatively high Al concentrations in these soils.  This is 
consistent with evidence from soil solution and stream studies showing that little P 
escapes from these acid, forested watersheds through leaching or stream flow, even after 
harvest (Wood et al., 1984; Yanai, 1992; Yanai, 1998; Reinhardt et al., 2004; Norton et 
al., 2006), and P availability is limited (Wood et al., 1984; Yanai, 1992).   
 Because our results for sites that were experimentally acidified showed evidence 
of Al mobilization with subsequent alterations in soil P, we explored the relationships 
between soil acidity and Al or P accumulations in the suite of watersheds from this study.  
Because the NaOH-25 fraction appeared to be the primary chemical phase that responded 
to experimental acidification, we used the ratio AlNaOH-25:PNaOH-25 to test this hypothesis.  
  The mobilization of P in soils by acid solutions appears to be driven largely by the 
mobilization of Al rather than Fe, the latter of which has a lower solubility in acid 
conditions (Drever, 1997).  Figure 4.7 shows the relationship between soil pHCaCl2 and the 
ratio of AlNaOH-25:PNaOH-25 for the upper B-horizons from all pedons in this study, 
including the experimentally acidified watersheds.  The results show that as pHCaCl2 
increased from 3.3 to 4.6, the ratio of AlNaOH-25:PNaOH-25 increased from approximately 5 
to 75.  Figure 4.8 shows the actual AlNaOH-25 and PNaOH-25 concentrations in these soils, 
with the trends in the data indicating that the relationship between pHCaCl2 and AlNaOH-
25:PNaOH-25 was driven more by decreasing AlNaOH-25 concentrations than by increasing 
PNaOH-25 concentrations, with decreasing pHCaCl2 .  We hypothesize that the pattern of Al 
and P chemistry across this pHCaCl2 range results from lower rates of illuvial Al hydroxide 
accumulation in the B-horizons at lower pHCaCl2 due to higher Al solubility (Drever, 
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1997; Norton et al., 2006).  However, higher anion adsorption capacity of Al hydroxide at 
the lower pHCaCl2 would increase P retention due to greater protonation of Al hydroxide 
(Mattingly, 1975; Kana and Kopáček, 2005; Navratil et al., 2008).  This effect would be 
consistent with the lower Al NaOH-25:PNaOH-25 ratio at lower pHCaCl2 values (Figure 4.7) and 
the tendency for higher PNaOH-25 at lower pHCaCl2’s (Figure 4.8).  These data suggest that 
across this population of forest soils, pH controls the precipitation of Al hydroxide and 
the ability of these soils to adsorb P.   
 Although this study was not designed to investigate P dynamics in both abiotic 
and biotic ecosystem compartments, the results offer us insights on possible linkages 
between soil chemical properties and biocycling of P.  Figure 4.9 shows the relationship 
between mean upper B-horizon Al NaOH-25:PNaOH-25 and mean O-horizon PNH4Cl for all 
watersheds in this study, including the experimentally acidified watersheds, but excluding 
LP where there was no O-horizon.  We used 1 M NH4Cl extractable P in the O-horizon as 
a an operationally defined measure of labile or loosely bound P (Chang and Jackson, 
1957; Hieltjes and Liklema, 1980).  Means are presented in Figure 4.9 because subsoil 
fine root P uptake can involve a large volume of mineral soil that would transfer P to the 
forest canopy, to be returned to the soil surface through litterfall via biocycling.  This 
mechanism of transfer from subsoils to surface O-horizons can uncouple the linkage 
between surface horizons and the mineral soil immediately below in the individual pedon 
data. 
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Figure 4.9. The relationship between mineral soil mean Al(NaOH-25):P(NaOH-25) ratios and 
mean O-horizon P(NH4Cl) for all watersheds but LP which did not have O-horizon material 
for collection 
 
 
 Mean O-horizon PNH4Cl decreased from 157 mg kg
-1 
at an Al NaOH-25:PNaOH-25 ratio 
of 4.5 to 40.2 mg kg
-1 
at an Al NaOH-25:PNaOH-25 ratio of 49 (Figure 4.9).  There is some 
indication that P is increasingly labile below an Al NaOH-25:PNaOH-25 ratio of approximately 
40.  The highest concentrations of O-horizon P occured at sites with the lowest Al NaOH-
25:PNaOH-25 ratios (Figures 4.7and 4.9) consistent with the hypothesis that mineral soil Al 
NaOH-25:PNaOH-25 exerts control over P availability to root P uptake, which is ultimately 
expressed in O-horizon PNH4Cl concentrations through biocycling reflecting a measure of 
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site productivity.  Figure 4.7 shows that many of the lowest Al NaOH-25:PNaOH-25 ratios in 
the upper-B horizons occurred at lower pHCaCl2 values.  Figure 4.9 also shows evidence 
for greater O-horizon available P concentrations at lower Al NaOH-25:PNaOH-25 ratios, 
suggesting that lower mineral soil pHCaCl2’s  in these ecosystems may result in greater P 
availability, somewhat contrary to conventional thinking. 
  There is some evidence from the whole-watershed acidification experiment at 
BBWM to suggest that acidification could lead to transient increased P availability.  Elvir 
et al., (2005) demonstrated significant but annually inconsistent increases in foliar P 
concentrations in American beech and Sugar maple on the treated watershed compared to 
the reference watershed at BBWM.  Similarly, Rustad (unpublished data) studied fine 
root dynamics at BBWM and found evidence for increased P concentrations in live roots 
of <1 mm and 1-6 mm in diameter on the treated watershed.  The evidence from soil and 
tree tissue chemistries support the idea that experimental acidification of the mineral soils 
increases the bioavailability of P, in association with increased Al mobilization, that 
persists for an undetermined period of time.  
 
4.5. Conclusions 
This study highlights the importance of Al in controlling P chemistry across a 
suite of acidic soils under humid, temperate forests.  The results suggest that Al controls 
P accumulation, and that Al dynamics govern P mobility and biological availability.  
There is evidence that there are definable stoichiometries between Al and P that can be 
used to evaluate the status of P cycling in these forested ecosystems, and that this 
evidence appears to be robust across both ambient watershed soils and soils in 
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experimentally acidified watersheds.  Soils in the ambient watersheds might be expected 
to persist in their current dynamic equilibrium over long time periods.  Soils from the 
experimentally acidified watersheds may show initial responses such as P mobilization 
that may not persist as chronic experimental acidification depletes the more labile phases 
over time.  We would expect that the evidence for this period of P mobilization, however, 
would persist after the geochemical mechanisms due to biocycling in the ecosystem. 
 The fractionation scheme used in this research was useful in evaluating the 
operationally defined phases of soil P, and produced surprisingly similar relative 
distributions among the fractions at all of the study watersheds.  Absolute concentrations 
of the P fractions varied considerably among the watersheds, with concentration 
differences attributable to differences in parent material P concentrations.  The chemical 
fraction of P associated primarily with secondary Al phases was the dominant fraction of 
P, and also appeared to be the most responsive to changing environmental conditions 
especially acidification.  These results provide insight on mechanisms of P retention in 
these forest soils, the importance of pH in defining the manner in which Al governs P 
dynamics, and insight into the complexity of P cycling in response to environmental 
change. 
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Chapter 5 
SOIL CHEMICAL AND PHYSICAL PROPERTIES AT THE BEAR BROOK 
WATERSHED IN MAINE 
 
5.1 Introduction 
Modern acidic deposition is derived largely from the combustion of fossil fuels 
and the resulting emissions of sulfur (S) oxides, nitrogen (N) oxides, ammonia (NH3), 
and ammonium (NH4).  Acidic deposition has been shown to negatively affect both 
forested and aquatic ecosystems (Adams et al., 2000; Bowman et al., 2008; Cronan and 
Schofield, 1979; Driscoll, 1985; Driscoll et al., 2003a; Driscoll et al., 2001; Fernandez et 
al., 2003; Likens et al., 1996; Watmough et al., 2005).  The negative effects of acidic 
deposition on forests can be direct, such as forest decline from insufficient available soil 
calcium (Ca) (Driscoll et al., 2003a; Mohamed et al., 1997), or indirect such as decreased 
cold tolerance and disease susceptibility in trees as a result of nutrient imbalances 
(Driscoll et al., 2003a).  Effects on aquatic ecosystems include the acidification of surface 
waters and subsequent decline in species richness and abundance of zooplankton, 
macroinvertabrates, and fish (Driscoll et al., 2003a; Driscoll et al., 2001).  
The acidification of aquatic ecosystems is strongly linked to the acidification of 
terrestrial ecosystems.  More specifically, acidic deposition leads to accelerated leaching 
and depletion of soil base cations through their replacement by hydrogen (H) and 
aluminum (Al) on exchange sites (Fernandez et al., 2003; Huntington et al., 2000; 
Watmough et al., 2005).  As base cations are replaced on the soil exchange complex, 
leaching and export of Ca and magnesium (Mg) increases in order to maintain charge 
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balance with leaching anions (e.g., SO4
2-
) derived from atmospheric deposition (Driscoll, 
1985; Edwards et al., 2002; Norton et al., 2004).  As acidification progresses, soil 
exchange sites can be depleted of Ca and Mg if leaching outpaces replacement of base 
cations through chemical weathering (Fernandez et al., 2003; Watmough et al., 2005).  
As exchangeable base cation concentrations decline and the soil acidifies, Al hydrolysis 
accelerates providing the positive charge balance for leaching anions (Driscoll, 1985; 
Fernandez et al., 2003; Norton et al., 2004).  The export of monomeric Al along with 
sulfate (SO4
2-
) and nitrate (NO3
-
) can lead to the acidification of surface waters and Al 
toxicity in fish if the Al is present in toxic monomeric forms (Driscoll, 1985; Driscoll et 
al., 2003a).  Over time, soils can reach a new dynamic equilibrium with lower base 
saturation, lower pH, higher concentrations of exchangeable Al, and higher 
concentrations of adsorbed SO4
2-
 and total N (Aber et al., 1998; Fernandez et al., 2003; 
Norton et al., 2004; Warby et al., 2009; Watmough et al., 2005).    
Sulfur emissions and deposition in North America peaked in 1974 (Stern, 2005).  
With passage of the Clean Air Act in 1970 and its reauthorization in the 1990 Clean Air 
Act Amendments, SO4
2-
 deposition has declined over nearly the entire United States 
through the period from 1985 to 2004, with reductions commonly exceeding 50% in the 
northeastern United States (Lehmann et al., 2007).  At the same time, NH4 deposition has 
increased and remained above background concentrations at nearly all National 
Atmospheric Deposition Network (NADP) monitoring sites over the same time period 
(Lehmann et al., 2007).  While the marked decline in SO4
2-
 deposition was expected to 
lead to recovery of forested and aquatic ecosystems, recovery has been slower and less 
extensive than originally expected, and recovery mechanisms are not fully understood, 
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especially in soils (Driscoll et al., 2003a; Martinson et al., 2005; Stoddard et al., 2003; 
Warby et al., 2009).  Numerous studies have shown aquatic recovery (e.g., Driscoll et al., 
2003b; Warby et al., 2005), but research has shown less evidence of recovery in soils and 
it has been suggested that this is partly attributable to a lack of decline in N deposition, 
and leaching of accumulated N and SO4
2-
 resulting in continuing depletions in base 
cations (Martinson et al., 2005; Warby et al., 2009; Watmough et al., 2005).  Warby et al. 
(2009) conducted a regional study of organic forest soils in the northeastern United States 
and found ongoing declines in pH, Ca, and base saturation throughout the region over the 
period 1984-2001.  He suggested that more aggressive declines in N and S emissions 
would be required for these low base status soils to recovery effectively. 
The Bear Brook Watershed in Maine (BWM) is a first-order, paired stream 
watershed study that has used whole-watershed chemical manipulations for 20 years to 
study the effects of elevated N and S on forest ecosystem function.  The objectives of this 
study were to: a) define the chemical and physical characteristics of soils in both the 
reference (East Bear) and treated (West Bear) watersheds after 17 years of treatment, b) 
assess the effects of declines in S deposition on potential soil recovery in East Bear, and 
c) assess evidence of trajectories of change in soil chemistry by comparing the results of 
intensive soil studies in 1998 with results from this study in 2006. 
 
5.2. Materials and Methods 
5.2.1. Site Description 
Located in eastern Maine, USA, (44°52' N, 68°06’), BBWM is a long-term, 
paired watershed acidification experiment.  East Bear (EB) comprises 11.0 ha and serves 
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as the reference watershed while West Bear (WB) is the treated watershed.  West Bear  is 
10.3 ha, and has been treated bimonthly with ammonium sulfate [(NH4)2SO4] at the rate 
of 28.8 kg S ha
-1
 yr
-1
 and  25.2 kg N ha
-1
 yr
-1 
since November 1989 (Fernandez et al., 
2003).  Both watersheds are drained by first order streams with stream flows ranging 
between 0 and 150 L sec
-1
, and individual mean stream annual flows of 3.16 and 3.05 L 
sec-1 for East and West Bear, respectively.  Mean annual precipitation is 1320 mm yr
-1
 
(Fernandez et al., 2007).  Mean annual air temperature is 5.6°C, and mean annual soil 
temperature ranges between 5.06°C and 6.01°C for the O-horizon and 5 to 25 cm depth 
increment in the mineral soil.  Soils in both watersheds are coarse-loamy, mixed, frigid 
Typic Haplorthods formed from glacial till averaging ~1 m in thickness (Fernandez et al., 
2003).  Bedrock is primarily quartzite and gneiss with granitic intrusions.  Vegetation 
was similar in both watersheds with higher elevations dominated by red spruce (Picea 
Rubens Sarg.) and balsam fir (Abies balsamea L.) while lower elevations were dominated 
by northern hardwoods, predominately American Beech (Fagus grandifolia Ehrh.), sugar 
maple (Acer saccharum Marsh.), and red maple (Acer rubrum L.) (Norton et al., 1999). 
5.2.2. Soil Sampling 
Soils were sampled during the summers of 1998 and 2006.  In 1998, replicate 
quantitative soil pedons were sampled in four compartments at BBWM (i.e. EB 
hardwoods, EB softwoods, WB hardwoods, WB softwoods).  The 1998 sampling 
included quantification of both soil physical and chemical properties.  The sampling 
design consisted of 40 quantitative pedons excavated to the bottom of the soil profile, and 
40 additional mini-pedons excavated to a mineral soil depth of 25 cm and separated into 
the O-horizon, and the 0-5 cm and 5-25 cm mineral soil increments as described by 
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Fernandez et al. (2003).  The full quantitative pedons sampled in1998 involved the 
quantitative removal of all O-horizon soil within a 71 cm x 71 cm frame to the top of the 
underlying mineral soil (Fernandez et al., 1993).  The E-horizons beneath, where present, 
were excluded from sampling due to their thin, inconsistent presence and limited 
chemical reactivity.  The mineral soil was also quantitatively excavated in 1998 within 
the 71 cm x 71 cm frame (Fernandez et al., 1993) at depth increments of 0-5, 5-25, and 
25 cm to the top of the C horizon (i.e., 25-C horizon).  A grab sample of the upper C-
horizon was obtained from all pedons where possible.   
In 2006, the 40 full quantitative pedons that were initially established in 1998 
were re-sampled for chemical analysis by co-locating new excavations 2 m east of the 
original quantitative pedons.  However, in 2006 only the O-horizons were quantitatively 
sampled; this was accomplished using a smaller 30 cm x 30 cm frame.  Mineral soil 
depth increments sampled at BBWM included 0-5, 5-25, and 25 cm to the top of the C 
horizon (i.e., 25-C horizon) for consistency with the time series of BBWM soil studies.  
A grab sample of the upper C-horizon was obtained from all pedons where possible.   
5.2.3. Laboratory Analysis 
All samples were secured in double plastic bags and stored in coolers on ice 
during transport to the laboratory the same day.  Soil samples were air-dried, sieved (2 
mm sieve for mineral soils and 6 mm sieve for organic soils), and homogenized prior to 
subsampling for analysis.  Subsamples were oven-dried (at 105°C and 70°C for mineral 
and organic soils, respectively) to allow for the expression of data on an oven–dried 
basis.  Soils were analyzed for loss-on-ignition (LOI) at 450°C for 16 hours and analyzed 
for pH using CaCl2 (0.01M) and deionized water (Fernandez et al., 2003; Hendershot et 
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al., 1993).  Exchangeable base cations (i.e., Ca, Mg, K, and Na), exchangeable Al, and 
extractable P and Fe were extracted with 1 M NH4Cl.  Extract concentrations were 
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) at 
the Maine Agricultural and Forest Experiment Station Analytical Laboratory; 
exchangeable acidity was extracted with 1 M KCl and measured by titration (Fernandez 
et al., 2003).  Effective cation exchange capacity (CEC) was calculated as the sum of 
exchangeable bases (i.e. Ca, Mg, K, Na) and exchangeable acidity (Al + H
+
).  Base 
saturation (BS) was calculated as the percent of the (CEC) occupied by exchangeable 
base cations and Al saturation (Al Sat) was calculated as the percent of the CEC occupied 
by exchangeable Al.  Selected soil chemical parameters are presented on both a 
concentration and content (i.e., mass per unit area basis).  Content data for the O-horizon 
were calculated based on physical soil properties measured in both 1998 and 2006.  
Content data for the mineral soils for both 1998 and 2006 were based on 1998 physical 
properties. 
5.2.4. Statistical Analysis 
 All statistical analyses were conducted using SYSTAT version 12.0.  Significant 
differences are reported at an  level of 0.05.  All data met the assumptions of normality 
and variance; when necessary data were transformed prior to analysis.  Differences 
between compartments in the 2006 soil concentration data were calculated using 
ANOVA and post hoc pairwise comparisons were made using Tukey’s HSD.  
Differences between 1998 and 2006 soil chemical data were calculated using Two-
Sample T-tests.  Differences between compartments in the 1998 physical soil properties 
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data were also conducted using Two-Sample T-tests.  Pearson correlation coefficients 
were used to examine correlations between parameters in this study. 
 
5.3. Results and Discussion 
 5.3.1. BBWM Soil Chemistry - 2006  
 Concentration data for selected soil chemical parameters from sampling in 2006 
are presented in Table 5.1.  As noted by Fernandez et al. (2003), these soils represent 
classic New England Spodosols.  O-horizons in both watersheds were of the mor type, 
having % C values ranging between 68 % and 91 % with low pHCaCl’s ranging from 2.88 
to 3.77.  Soil CEC was greatest in the O-horizons, as expected, due to the high reactivity 
of organic soil materials.  Soil CEC decreased with depth and decreasing % C (Table 5.1) 
as these soils contain little clay (i.e. clay contents ranging from 7-10 %)  (Rourke, 1990) 
and most of the CEC is derived from soil organic matter (SOM) (Johnson, 2002).  
Treatment and forest type appear to have little effect on CEC in these soils as few 
significant differences existed among compartments.  Although we often think of soils 
under softwoods as having higher concentrations of C than under hardwoods, there were 
no statistically significant differences in SOM as estimated by LOI, or % C, for any of the 
horizons between forest types.   
 The data revealed significant differences in O-horizon pHCaCl between forest types 
in EB, with softwood stands having lower pHCaCl.  A similar, but non-significant 
numerical trend was seen in WB O-horizons.  Lower pHCaCl in softwood O-horizons 
compared to hardwoods reflects the lower base cation concentration of softwood litter 
and the stronger influence of organic acidity in softwood stands, with exchangeable Al 
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acting more like a base in these acid O-horizons (Fernandez et al., 2003; Johnson, 2002).  
Soil pHCaCl increased with depth in all compartments, while % C decreased with depth.  
The concentration of exchangeable Al reached a maximum in the 0-5 cm increment of 
three of the four compartments at BBWM and decreased with depth and increasing 
pHCaCl that also results in decreasing Al solubility.  In all mineral horizons, Al was the 
dominant cation on the exchange complex and Al saturation ranged from 73% to 88% in 
the mineral soil.  Despite the low pHCaCl, BS was highest in the O-horizon and was 
dominated by exchangeable Ca, followed by exchangeable Mg.  O-horizons under 
hardwood stands had higher concentrations of exchangeable base cations, compared to 
softwood stands, consistent with the higher base cation concentrations in hardwood litter 
and foliage at BBWM (Elvir et al., 2005; White et al., 1999).   
 Exchangeable Mg was significantly lower in the O-horizon of treated hardwood 
stands, suggesting the depletion of exchangeable Mg due to manipulation (Table 5.1).  
Although, no other significant differences between watersheds occurred with respect to 
exchangeable base cations, there was a trend for numerically lower exchangeable Ca and 
Mg in the treated versus reference watershed, consistent with the differences reported by 
Fernandez et al. (2003).  Similar trends but fewer statistically significant differences in 
soil properties between watersheds were evident in 2006 compared to 1998 and 2006.  
These results could be due to changes in soil condition, as well as differences in sampling 
designs.  In both 1998 and 2006 a set of 40 full pedons were sampled.  However, in 1998 
they also sampled an additional 40 shallow pedons (i.e., the uppermost three increments) 
for a total of n=80 giving them greater precision in their statistical design.   
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 Hardwoods soils had significantly greater % N than softwood soils in EB and 
numerically similar trends in WB (Table 5.1).  Elvir et al. (2005) reported higher foliar N 
concentrations in hardwoods compared to softwoods at BBWM, which would result in 
similar differences in litter quality.  Extractable P concentrations were nearly twice as 
high in the O-horizons of hardwood compared to softwood stands due to higher P 
concentrations in beech and sugar maple versus red spruce foliage (Elvir et al., 2005).  
Extractable P concentrations decreased dramatically by an order of magnitude from the 
O-horizon to the 0-5 cm increment of the mineral soil in all compartments.  A 
dramatically reduced availability of P in these mineral subsoils is typical of acidic Al- 
and Fe-rich forest soils where P cycling has been demonstrated to be highly vertically 
stratified (Wood et al., 1984; Yanai, 1992). 
 The ratio of % C to % N (C:N) is an important indicator of litter quality and 
nutrient availability in soils (Delaney et al., 1996; Berg and Ekbohm, 1983).  Within the 
O-horizons, C:N ratios were significantly higher in softwood compared to hardwood 
stands in both watersheds (Table 5.1).  The higher C:N ratios in the softwood stands 
reflected the lower foliar N concentrations in softwoods compared to hardwoods at 
BBWM (Elvir et al., 2005).  Significant differences also existed between watersheds 
within forest type as C:N ratios were significantly higher in EB softwoods (EBS) versus 
WB softwoods (WBS) (Table 5.1).  The decrease in O-horizon C:N ratios within WBS 
compared to EBS is most likely due to the additional N source associated from the 
treatments, and increased N mineralization (Jefts et al., 2004).  No significant differences 
in C:N ratios were detected in the 0-5 cm increment (Table 5.1), yet deeper mineral soil 
increments did display some significant differences.  However, these are not likely due to 
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treatment affects as, Jefts et al. (2004) found no significant differences in net nitrogen 
mineralization between watersheds in mineral soils at BBWM. 
Table 5.1.  Means for selected soil chemical properties from BBWM in Maine for the 
year 2006. 
  East Bear   West Bear 
 
Hardwood Softwood   Hardwood Softwood 
 
O-Horizon 
      LOI % 68 91 
 
80 78 
pHCaCl 3.38† 2.88† 
 
3.23 3.07 
Ca meq 100g
-1
 10.4 5.8 
 
6.6 4.4 
Mg meq 100g
-1
 2.4‡ 2.2 
 
1.1‡ 1.4 
P mg kg
-1
 76 49 
 
71 40 
Fe mg kg
-1
 16.4† 40.1† 
 
32.9 41.7 
Al meq 100g
-1
 3.4 2.7 
 
6.3 8.0 
CECe meq 100g
-1
 23 23 
 
22 24 
BSe % 58 40 
 
22 27 
Ca:Al 13.0 3.4 
 
13.8 2.8 
Ca Sat % 43 25 
 
30 18 
Mg Sat % 10.0 9.2 
 
5.1 5.6 
Al Sat % 17 11 
 
28 36 
N % 1.94† 1.50† 
 
1.90 1.65 
C % 44 48 
 
41 44 
C:N 23† 32†‡ 
 
21† 27†‡ 
      
 
B-Horizon, 5-cm increment 
LOI % 16 18 
 
22 17 
pHCaCl 3.82 3.69 
 
3.78 3.81 
Ca meq 100g
-1
 0.40 0.14 
 
0.35 0.24 
Mg meq 100g
-1
 0.14 0.11 
 
0.13 0.07 
P mg kg
-1
 3.2 3.9 
 
4.5 2.7 
Fe mg kg
-1
 34.6 67.0 
 
41.0 32.0 
Al meq 100g
-1
 5.9 8.5 
 
7.5 6.7 
CECe meq 100g
-1
 7 12 
 
10 9 
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     BSe, % 9† 5† 
 
7 6 
Ca:Al 0.06† 0.02† 
 
0.05 0.04 
Ca Sat % 4.8† 1.6† 
 
3.5 2.9 
Mg Sat % 1.6 1.0 
 
1.3† 0.83† 
Al Sat % 78 78 
 
78 77 
N % 0.38 0.34 
 
0.52 0.32 
C % 7.2 8.1 
 
10.3 7.0 
C:N 20 23 
 
20 22 
      
 
B-Horizon, 5-25cm increment 
LOI % 12 13 
 
11 13 
pHCaCl 4.20† 3.87† 
 
4.20 4.14 
Ca meq 100g
-1
 0.19 0.21 
 
0.12 0.14 
Mg meq 100g
-1
 0.07 0.08 
 
0.04 0.04 
P mg kg
-1
 1.6 2.4 
 
1.6 1.7 
Fe mg kg
-1
 18.2 26.0 
 
4.8 5.2 
Al meq 100g
-1
 3.8 6.1 
 
3.4 4.2 
CECe meq 100g
-1
 5.7 8.0 
 
4.1 4.9 
BSe, % 7.9 7.1 
 
7.2 6.7 
Ca:Al 0.05 0.05 
 
0.04 0.03 
Ca Sat % 3.9 3.3 
 
3.1 2.7 
Mg Sat % 1.3 1.1 
 
1.0 0.8 
Al Sat % 73 76 
 
82 86 
N % 0.26 0.25 
 
0.25 0.28 
C % 5.1 5.7 
 
5.0 6.5 
C:N 20† 24† 
 
19† 24† 
      
 
B-Horizon, 25-C cm increment 
LOI % 8 12 
 
7 19 
pHCaCl 4.33† 4.04† 
 
4.36 4.27 
Ca meq 100g
-1
 0.10 0.16 
 
0.09 0.05 
Mg meq 100g
-1
 0.02 0.06 
 
0.02 0.02 
P mg kg
-1
 0.80 1.85 
 
0.61† 1.14† 
Fe mg kg
-1
 2.0† 16.4† 
 
2.3 3.6 
Al meq 100g
-1
 2.2 4.8 
 
2.0 2.7 
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CECe meq 100g
-1
 2.7† 6.3† 
 
2.8 3.1 
BSe % 8.5 6.3 
 
6.7 6.7 
Ca:Al 0.05 0.05 
 
0.04 0.03 
Ca Sat % 4.3 2.8 
 
3.1 2.6 
Mg Sat % 0.9 0.9 
 
0.6 0.6 
Al Sat % 82 74 
 
73 88 
N % 0.17 0.21 
 
0.14 0.19 
C % 3.4 5.0 
 
2.9 4.4 
C:N 20† 24.† 
 
20† 23 
      
 
C-Horizon 
LOI % 3 5 
 
3 6 
pHCaCl 4.46 4.27 
 
4.41 4.44 
Ca meq 100g
-1
 0.07 0.06 
 
0.05 0.05 
Mg meq 100g
-1
 0.01 0.02 
 
0.01 0.01 
P mg kg
-1
 0.46 0.92 
 
0.51 0.74 
Fe mg kg
-1
 2.1 5.4 
 
2.2 2.6 
Al meq 100g
-1
 1.1 2.2 
 
1.2 1.7 
CECe meq 100g
-1
 3.3 2.9 
 
1.5 2.2 
BSe % 16.2 8.1 
 
7.1 2.0 
Ca:Al 0.70 0.03 
 
0.04 0.03 
Ca Sat % 9.1 2.6 
 
3.2 2.0 
Mg Sat % 2.5 0.8 
 
0.8 0.6 
Al Sat % 78 76 
 
84 80 
N % 0.06 0.08 
 
0.06 0.13 
C % 1.2† 1.7†‡ 
 
1.2† 3.2†‡ 
C:N 20 21   22† 24† 
† Indicates significant difference between forest types within watershed. 
‡ Indicates significant difference between watersheds within forest types. 
 
5.3.2. Changes in BBWM Soil Chemistry between 1998 and 2006 
The BBWM is a paired, whole-watershed acidification experiment that serves two 
purposes in evaluating soil response to acid deposition: (1) to examine responses to 
ambient declines in acid deposition (largely reduced SO4
2-
) in EB, the reference 
Table 5.1 Continued 
123 
 
watershed, and (2) to evaluate soil chemical responses to experimental acidification with 
[(NH4)2SO4] after nearly 20 years of treatment in WB.  Figures 5.1 and 5.2 show the 
differences in soil concentrations between 2006 and 1998.  This difference diagram 
illustrates the changes that have occurred during the eight-year period between soil 
studies, representing years 9 and 17 since chemical manipulations of WB began.  Only 
data for the O-horizon and 0-5 cm increment of the mineral soil are presented as they are 
typically the most responsive to perturbation (Fernandez et al., 2003; Warby et al., 2009), 
and few significant differences were evident in the deeper soil increments from this 
study.  
Although there is an ongoing concern for base cation depletion in northeastern 
forest soils due to acidic deposition and forest management (Schaberg et al., 2006; Warby 
et al., 2009), the results reported here for differences over time in both reference and 
treated watershed soils showed that C, Fe, and N demonstrated the most significant 
change.  There were nearly no significant changes in exchangeable base cation 
differences evidence over the eight-year time period.  This could be interpreted to mean 
that base cation depletion in WB due to elevated N and S deposition reached a new 
dynamic equilibrium within the first eight years of treatment, and that no further base 
cation depletion occurred between 1998 and 2006, as detected within the precision of this 
experimental design.  Differences between sampling years were great enough, however, 
to show that O-horizon % C increased significantly in all four compartments during the 
eight years between sampling and % N increased significantly in the O-horizons of all but 
EBS (Figure 5.1).  The increases in % C ranged from 6.4 to 10 %, and were accompanied 
by large and significant decreases in the mass of O-horizon fine earth (i.e., material 
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passing through a 6 mm sieve).  Mean O-horizon fine earth content (across both 
watersheds) decreased from 116,918 to 73,497 kg ha
-1
 at BBWM
 
between 1998 and 
2006, respectively. 
 
Mean total coarse organic fragments (TCOF = > 6 mm) across both 
watersheds also decreased significantly from 15,673 to 7,211 kg ha
-1
.   
These large decreases in forest floor mass, and increases in % C and % N over 
time, were somewhat unexpected and no clear explanations were evident.  No forest 
management practices have taken place in these stands during the period of study, and 
there was no evidence of significant insect or disease outbreaks that could result in a 
predictable increase in litterfall.  It is possible that methodological differences existed 
between the two periods that resulted in these differences, but we thoroughly evaluated 
the records and find no evidence to support this explanation.  A more plausible 
explanation is that the 1998 sample collections were influenced by a severe January 1998 
ice storm that occurred in New England (Rhoads et al., 2002), with higher litterfall 
contributions to the O-horizon in the 1998 field season than we surmised based on 
qualitative field observations.  The storm affected nearly 11 million acres in Maine that 
included BBWM, and it was estimated that average crown loss due to branch breakage 
was 22% in the region of this study from the storm (Miller-Weeks and Eager, 1999).  In 
nearby Quebec, Hooper et al. (2001) found that the ice storm resulted in litterfall 10-20 
times greater than that normally recorded for deciduous temperate forests on an annual 
basis.   
Forest damage from the ice storm in 1998 was not quantified at BBWM, but 
anecdotal field observations at the time suggested a limited amount of canopy damage, 
with slightly more visual evidence on EB than WB.  These differences in ice storm 
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damage between watersheds would be consistent with the higher EB than WB O horizon 
% C differences shown in Figure 5.1.  Crown damage would result in higher litter inputs 
to the forest floor in 1998 that could be responsible for the significantly greater O-horizon 
fine earth and TCOF in 1998 versus 2006.  Field observations suggested that there were 
few canopy openings created by the ice storm and that full canopy closure was re-
established within 24 months.  We hypothesize that litter inputs and decomposition since 
that time would have rapidly returned to a dynamic equilibrium with the closed-canopy 
stand conditions, resulting in a decrease in O-horizon fine earth and TCOF over the 1998 
to 2006 time interval.  Rustad (1994) found that after a 57 month period red spruce litter 
had lost 67% of its mass in a decay experiment at nearby Tunk Mountain, Maine.  This 
suggests that large losses in O-horizon litter mass were possible over the time between 
samplings in this study.  Furthermore, Rustad (1994) found that N was accumulated by 
litter during the first 18 months then gradually released over the remaining study period 
(i.e. 57 months).  This suggests that the addition of large amounts of litter can increase 
both % C and % N, a trend that seems evident during the eight year period between the 
two soil sampling dates reported here.  The increased OM decomposition and N release 
could also help to explain the nearly ubiquitous decreases in the concentration of 
extractable P within the 0-5 cm increment of the B-horizon (Figure 5.2).  Increased 
availability of large amounts of relatively labile C could be responsible for the declines in 
labile P as microbial populations could immobilize P to degrade this labile C source as it 
leaches from the forest floor to the uppermost mineral soil, with C being lost to microbial 
respiration.  However, the immobilization of additional P by microbes is probable, it 
likely represents a more transient mechanism that would not persist for the 8 years 
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between soil samplings in this study.  Another explanation more suitable at these time 
scales is an increase in P sorption by Al or Fe hydroxide in the mineral soil.  It is well 
established that P export from Al- and Fe-rich acid mineral soils is extremely low 
because of the tremendous capacity of these secondary metal phases in soils to adsorb 
and retain P (Wood et al., 1984; Yanai, 1992; Yanai, 1998).  The significant decreases in 
exchangeable Al and extractable Fe concentrations over time could represent decreased 
solubility of Al and Fe hydroxide within the mineral soil, or the increased precipitation of 
Al and Fe due to the migration of Al and Fe into the upper-B horizon with mobile DOC 
supplied by the forest floor.  The precipitation of additional Al and Fe hydroxide and 
sorption of P could potentially reduce the availability of labile extractable P.   
 O-horizon concentrations of extractable Fe decreased significantly so in all but 
WBH (Figure 5.1).  Likewise, extractable Fe decreased in the 0-5 cm increment of all 
compartments; differences were significant in EBH and WBS (Figure 5.2).  One 
hypothesis for the relatively uniform decreases in extractable Fe in both the O and 
uppermost B-horizon was that increased % C reflected a dilution with soil OM that 
decreased extractable Fe concentrations.  If this were true, we would have expected a 
good correlation between % C and LOI with extractable Fe, but that was not evident in 
our data (r=-0.14 and r=-0.07), respectively.  It is possible that the notable differences 
over time in % C and extractable Fe were indirectly related.  If accelerated decomposition 
over at least part of the intervening eight years resulted in increased DOC leaching, along 
with increased Fe complexation by DOC, then perhaps extractable Fe was depleted  
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and translocated deeper in the soil profile to be sequestered in Fe phases not extractable 
by 1 M NH4Cl.  SanClements (2009) reported in a related study that only    
a very small (i.e. < 0.1 %) of Fe was in forms extractable by 1 M NH4Cl. 
There were few significant differences in exchangeable Ca, exchangeable Mg, 
CEC and BS in either the O-horizon or 0-5 cm increment of the B-horizon between 1998 
and 2006 (Figures 5.1 and 5.2).  A significant decrease in CEC occurred in EBS O-
horizons between 1998 and 2006.  The decrease in CEC is surprising given the 
importance of OM in providing CEC (Johnson, 2002) in these soils, the significant 
increase in C % (Figure 5.1), and no evidence of declining soil pH that might act as an 
offset due to pH-dependent sources of charge.  However, Warby et al., (2009) found that 
soils in the northeastern U.S. demonstrated a general decrease in CEC with increasing C 
content.  They suggested that higher C soils have lower CEC per unit C, compared to 
more humified lower % C soils that have a greater number of carboxylic functional 
groups and thus greater CEC per unit C.  There were no other significant changes in CEC 
within this study. 
Exchangeable Ca concentrations declined significantly only in the 0-5cm 
increment of EBS and was accompanied by a numerical trend for declining exchangeable 
Mg (P=0.17).  Declines in exchangeable Ca and Mg, and a lack of significant increases in 
exchangeable base cation concentrations, provide some evidence that these softwood 
stands have not yet begun to recover in response to declines in ambient SO4
2-
 deposition.  
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Figure 5.1. Difference plots for O-horizon soil chemistry means shown as 2006 minus 
1998.  Positive means indicate 2006 means were higher than 1998, and negative means 
are the opposite.  Asterisks indicate the mean difference is statistically significant. 
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Figure 5.2. Difference plots for B-horizon soil chemistry means shown as 2006 minus 
1998.  Positive means indicate 2006 means were higher than 1998, and negative means 
are the opposite.  Asterisks indicate the mean difference is statistically significant. 
130 
 
Exchangeable Mg concentrations declined significantly in the O-horizons of 
WBH and the 0-5 cm increment of WBS between 1998 and 2006.  In 1998, the EB versus 
WB soils data in Fernandez (2003) demonstrated no significant differences between 
watersheds within hardwood forest types.  However, as discussed above, exchangeable 
Mg was significantly different between watersheds in the HW forest type in 2006 (Table 
5.1).  This was driven by the significant decline in O-horizon exchangeable Mg 
concentrations in WBH over the 8 years between samplings.  Accompanying the 
significant decrease in exchangeable Mg were large but non-significant declines in 
exchangeable Ca (P=0.16) and BS (P=0.15) between 1998 and 2006 (Figure 5.1).  These 
data suggest that hardwood stands may respond more slowly to acidification than 
softwood stands due to initially higher pH and base cation concentrations.  The decline in 
exchangeable Mg within the 0-5 cm increment of WBS (Figures 5.2) was the only 
indicator of continued acidification in WBS.  All other indicators of acidification or 
recovery (i.e., pHCaCl, BS, and exchangeable Mg) were relatively unchanged since 1998 
(Figures 5.1 and 5.2).  This suggests that within WBS, soils may be reaching a new 
equilibrium with respect to treatment as was hypothesized to happen with continual 
acidic inputs (Norton et al., 2004). 
5.3.3. BBWM Physical Soils Data 
 Both long-term and quantitative soils data are uncommon in the literature but 
provide information critical to defining processes of forest nutrient cycling and tracking 
changes in ecosystem conditions over time.  Soil physical properties data from the 1998 
quantitative sampling of BBWM soils are presented in Table 5.2 for the O-horizon and 
total mineral soil, which is the sum of the mineral soil increments.  There were no 
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significant differences by watershed so the data are presented by forest type and depth.  
Soil physical data are important to understand the nature of the substrate relative to plant 
roots and hydrological processes, and are critical to facilitate the calculation of chemical 
content on a mass per unit area basis.  
Table 5.2.  Selected physical soil properties by forest type and increment at the BBWM.  
Data are from the 1998 quantitative sampling. 
Parameter Units Hardwood Softwood 
  
O-Horizon 
Oven dry fine earth kg ha
-1
 84381‡ 149456‡ 
Total coarse mineral fragments kg ha
-1
 57391 28659 
Total coarse roots (>6mm) kg ha
-1
 4525‡ 9394‡ 
Total fine roots (<6mm, >2mm) kg ha
-1
 na na 
Total coarse organic fraction kg ha
-1
 11942‡ 19404‡ 
Total bulk density g (cm
3
)
-1
 0.29‡ 0.18‡ 
Traditional bulk density g (cm
3
)
-1
 0.20‡ 0.15‡ 
    
  
Total Mineral Soil 
Oven dry fine earth kg ha
-1
 3616441 3570703 
Total coarse mineral fragments kg ha
-1
 3395688 4700357 
Total coarse roots (>6mm) kg ha
-1
 7525 7855 
Total fine roots (<6mm, >2mm) kg ha
-1
 1004 1449 
Total coarse organic fraction kg ha
-1
 0 0 
Total bulk density g (cm
3
)
-1
 3 4 
Traditional bulk density g (cm
3
)
-1
 1 2 
‡ Indicates a significant difference by forest type at BBWM 
 
Table 5.2 also provides insights into the physical properties that differ by forest 
type within these soils, most evident in the O-horizons.  Significant differences occurred 
for all parameters in the O-horizon, except for the total coarse mineral fragments 
(TCMF).  Softwood O-horizons had significantly higher total oven dry fine earth, coarse 
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and fine root mass, total coarse organic fraction (TCOF), and lower bulk densities then 
HW O-horizons (Table 5.2).  This reflects the lower quality litter in the softwood stands 
(i.e. higher C:N ratios of SW compared to HW O-horizons in Table 5.1).   
 A critical measure of soil physical properties essential for calculating ecosystem 
mass balance estimates are coarse fragments (Fernandez et al., 1993; Hamburg, 1984; 
Fernandez, 2008).  Coarse fragments can contribute to mineral nutrient supply through 
decomposition (i.e., organic coarse fragments) and mineral weathering (i.e., mineral 
coarse fragments) but are most important because they represent soil volume that is not 
occupied by the reactive fine earth soil materials.  Figure 5.3 presents the percent of 
coarse mineral fragments (% TCMF) by depth at BBWM on a volume basis.  If 
calculated on a mass basis the (% TCMF) would be more than double.  It is important to 
remember that the depth increment sampling in this study was arbitrary, and did not 
strictly conform to pedogenic horizons.  Therefore, any depth patterns shown in Figure 
5.3 represent depth trends, and not horizon properties.  In the O-horizon, both mineral 
and organic coarse fragments are important, whereas coarse fragments in all mineral 
increments are essential all mineral coarse fragments.  Figure 5.3 demonstrates that in 
these relatively young Spodosols derived from till have a mean % coarse fragment 
content of 16 % on a volume basis throughout the pedon.  The highest % coarse 
fragments in this sample population typically were from softwood soils in the upper 
reaches of the watershed with sandy skeletal textures, whereas lower in the watershed 
under hardwoods, sandy loam soils were dominant.  Percent coarse mineral fragments in 
the O-horizon were significantly lower than in all mineral horizons.  However, there were 
no significant differences among depth increments of mineral soils for % TCMF.  This 
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suggests no stratification of parent materials at the time of deposition and little evidence 
of coarse fragment migration due to freezing and thawing during the period of soil 
formation. 
 
Figure 5.3.  Percent coarse fragments (including the coarse organic fraction in the O-
horizon) as a function of depth for BBWM.  Coarse mineral fragments are defined as > 2 
mm while coarse organic fragments are defined as > 6 mm.  The thick dark vertical lines 
within the boxes indicate the mean for each sampling increment.  Letters designate 
significant differences with depth. 
 
5.3.4. BBWM Soil Chemical Contents 
The O-horizons were quantitatively sampled in both 1998 and 2006 and allow 
detailed physical and chemical evaluations of soil properties.  The significant decreases 
between 1998 and 2006 in O-horizon oven-dry fine earth discussed previously resulted in 
numerous significant decreases in O-horizon element pools for the parameters measured 
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in this study over the same period.  Table 5.3 presents O-horizon chemistry on a content 
basis from both 1998 and 2006.  Physical data for mineral soil quantitative pedons were 
only collected in 1998, and little difference would be expected over eight-years in the 
physical character of glacial till mineral soils.  The amounts presented in Table 5.3 for 
2006 soils data were calculated based on the 2006 concentrations and the 1998 physical 
properties.  Only 2006 content is shown because differences between years would be 
driven by concentration data as discussed above. 
For the O-horizon, decreases in mass between 1998 and 2006 coupled with 
changes in element concentrations resulted in numerous significant differences between 
years.  There were a greater number of significant decreases in O-horizon element 
contents under hardwood relative to softwood stands, perhaps due to greater rates of 
mineralization and the higher nutrient contents commonly associated with hardwood 
versus softwood litter (Brady and Weil, 1999; Elvir et al., 2005; Wang and Fernandez, 
1999).  The hypothesis that a more rapid mineralization of litter deposited during the 
1998 ice storm occurred in hardwood compared to softwood stands is supported by the 
significant decrease of O-horizon fine earth mass in hardwoods but not softwoods 
between 1998 and 2006, although softwoods showed a numerical decrease.  Elvir et al. 
(2005) reported on foliar chemistry trends over time at BBWM and found inconsistent 
results, with some evidence for increasing foliar nutrient concentrations during the time 
period between approximately 1999 and 2001.  It is possible that the flush of nutrients 
from decomposing litter after the 1998 ice storm resulted in a period of elevated nutrient 
availability that was reflected in the foliar nutrient time series.  For instance, it is possible 
that the significant decreases in O-horizon extractable P pools between 1998 and 2006 
135 
 
could represent accelerated OM mineralization leading to increased P availability and 
ultimately uptake of P by vegetation at BBWM.  This would explain the spike in foliar P 
concentrations between 1999 and 2001 as reported by Elvir et al. (2005).  Although we 
cannot be sure mineralization of litter from the 1998 ice storm contributed to these foliar 
nutrient trends, it seems to be a plausible explanation and points to the importance of 
long-term monitoring data for interpreting ecological processes.  
Despite the significant decreases in O-horizon fine earth mass between 1998 and 
2006, total fine earth C content was significantly less in only one of the four 
compartments, as it was balanced by the significant increases in % C previously 
discussed.  This offers a good example of the importance of quantitative soils data and 
programs of monitoring over time to define ecosystem processes.  In this case small 
changes in concentrations in the O-horizon can be accompanied by large changes in fine 
earth mass, which would not be revealed by examining only the concentration data. 
Table 5.3.  Selected soil chemical parameters for BBWM presented on a kg ha
-1
 basis. O-
horizons data are presented for both 1998 and 2006 as well as the total mineral soil and 
total pedon based on 2006 concentrations. 
  East Bear   West Bear 
 
Hardwood Softwood Hardwood Softwood 
  O-Horizon 1998 
      Fine Total N 1511† 2718 
 
1350 2537 
Fine Total C 35455† 83403 
 
33790 64994 
Total C:Total N 24 30 
 
25† 27 
Ca 162 198 
 
135† 90 
Mg 22† 60 
 
15† 19 
K 28† 62† 
 
24† 35† 
Na 3.2† 10.0 
 
3.1 6.5 
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     Al 37 88 
 
43 157 
Fe 3.6† 18† 
 
4.4† 12.8† 
Mn 11† 10 
 
15† 5 
P 5.0† 9.4 
 
5.7† 4.8 
      
 
O-Horizon 2006 
Fine Total N 584† 2339 
 
797 1888 
Fine Total C 13998† 74808 
 
16685 50146 
Total C:Total N 23 32 
 
22† 27 
Ca 57 175 
 
33† 75 
Mg 7† 39 
 
4† 17 
K 5† 25† 
 
6† 12† 
Na 0.8† 5.6 
 
0.6 3.4 
Al 13 59 
 
49 97 
Fe 0.4† 6.0† 
 
1.1† 4.2† 
Mn 3 6 
 
4† 3 
P 1.6† 7.0 
 
1.9† 3.7 
      
 
Total Mineral Soil 
Fine Total N 5112 5396 
 
4236 8307 
Fine Total C 101777 123480 
 
85867 198864 
Ca 93 69 
 
51 61 
Mg 14 17 
 
9 11 
K 57 93 
 
59 130 
Na 449 46 
 
18 43 
Al 842 1031 
 
533 925 
Fe 21 42 
 
13 19 
Mn 4 2 
 
2 3 
P 3 4 
 
3 4 
      
 
Total Solum  
Fine Total N 5696 7735 
 
5033 10195 
Fine Total C 115775 198288 
 
102552 249010 
Table 5.3 Continued 
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     Ca 150 244 
 
84 136 
Mg 21 56 
 
13 28 
K 62 118 
 
55 142 
Na 450 52 
 
19 46 
Al 855 1090 
 
582 1022 
Fe 21 48 
 
6 23 
Mn 7 8 
 
6 6 
P 5 11 
 
8 8 
† Indicates significant differences in O-horizons between years within compartment. 
 
The greatest concentrations of exchangeable base cations, extractable P, % C and 
% N occurred in the O-horizon with concentrations decreasing dramatically in the 
mineral soil.  Table 5.3 demonstrates that despite the low concentrations in the mineral 
soil, the large mineral soil mass can result in the majority of exchangeable and 
extractable pools occurring in the mineral soil compared to the O-horizon.  An exception 
to this is C and N that occurred in greater amounts on a mass basis in the mineral soil in 
all cases (Table 5.3).  The fact that large soil C pools exist in mineral soils is extremely 
important in C accounting and suggests the need for deep, quantitative excavations to 
accurately account for soil C stores in forests (Fernandez, 2008). 
 
5.4 Conclusions 
 This study showed that over a period of eight years, between 1998 and 2006, and 
during a period of declining SO4 deposition and continued whole-watershed experimental 
acidification on the treated watershed, there was little evidence of continued base cation 
depletion or recovery in base saturation.  Forest type exerted a strong influence over soil 
Table 5.3 Continued 
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physical and chemical properties, and was responsible for the few differences in base 
cation properties.  Forest type also showed significantly different patterns of response to 
the hypothesized effects of the 1998 ice storm that resulted in widespread canopy damage 
in New England.  The addition of an additional pulse of litter from this natural event 
appears to have had significant effects on forest floor nutrient pools and cycling between 
1998 and 2006.  Our findings suggest that hardwood stands showed evidence of more 
rapid litter declines between 1998 and 2006 compared to softwoods, presumably due to 
higher quality litter that decomposes faster and therefore could return hardwood soils to a 
dynamic equilibrium with stand conditions sooner.  Our ability to identify these possible 
mechanisms of change was only possible because of the availability of both concentration 
and content data in this study.  We also demonstrated the importance of coarse fragments 
in the architecture of these soils, and the essential nature of quantitative soil data for 
understanding ecosystem-scale processes.  With respect to C in these soils, we also found 
that despite the much greater % C in the O-horizons, the mineral soil contained larger C 
pools than the O-horizon when calculated on a content basis.  Interestingly, we believe 
that a natural disturbance lead to large decreases in O-horizon mass between the study 
years that were somewhat offset by increases in % C during the same period.  This study 
underscores the importance of long-term, quantitative soil monitoring in determining the 
trajectories of change in forest soils over time. 
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Appendix A 
SOIL AND SEDIMENT CHEMICAL DATA 
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Table A.1. Soil fractionation means and standard error’s from all watersheds in this study.  All data are presented in mg kg-1.  
The data are presented in the format: watershed, forest type, and soil depth.  See the materials and Methods in Chapter 4 for a 
full description of the watershed and fraction symbols used in this table. 
    _________NH4Cl__________ ___________BD___________ _________NaOH-25________ ___________HCl__________ _________NaOH-85________ 
    Al Fe P Al Fe P Al Fe P Al Fe P Al Fe P 
HB, SW, Upper-B                
 Mean 5.3 3.3 3.3 219 6231 1.2 13626 4794 276 7145 4523 53 3248 12.0 73.2 
 SE 1.8 0.8 0.4 24 566 0.8 2528 476 54 2797 519 20 371 2.7 17.4 
HB, SW, Lower-B                
 Mean 2.5 1.8 2.3 131 5300 0.1 12517 4270 233 3658 3393 36 3125 12.3 56.4 
 SE 0.9 0.5 0.4 23 971 0.1 1546 1399 26 1153 601 6 581 2.6 9.4 
MP, SW, Upper-B                
 Mean 1.3 3.0 1.3 179 3410 2.2 5594 2199 134 2642 2598 17 2972 11.6 41.6 
 SE 0.0 0.9 0.0 32 577 1.2 1574 476 17 1208 563 6 582 2.2 11.3 
MP, SW, Lower-B                
 Mean 1.3 1.3 1.3 101 2690 1.0 5632 1617 134 2748 2073 21 2845 10.8 47.6 
 SE 0.0 0.0 0.0 28 543 1.0 1404 432 20 1470 352 9 674 2.7 13.0 
F3, HW, A                
 Mean 42.1 18.5 5.5 157 2843 47.5 2463 1572 326 1251 2096 13 3858 31.8 76.0 
 SE 18.7 3.1 1.6 14 169 4.0 219 118 22 97 180 1 317 4.9 7.6 
F3, HW, Upper-B                
 Mean 4.3 1.8 1.3 107 3630 2.8 4362 1885 215 1461 1583 9 5840 14.0 59.7 
 SE 2.3 0.5 0.0 14 295 1.0 416 149 12 88 157 1 476 1.4 5.4 
F3, HW, Lower-B                
 Mean 1.5 1.3 1.3 33 4237 1.6 4235 1300 154 1463 2060 9 7491 9.6 73.3 
 SE 0.2 0.0 0.0 7 237 0.8 458 260 20 93 141 1 401 1.4 4.1 
F4, HW, A                
 Mean 48.5 11.0 6.4 112 3011 39.8 3682 1756 463 1033 1929 11 6193 42.5 102.5 
 SE 22.3 4.2 1.2 18 253 8.1 320 183 31 63 131 1 434 21.7 7.1 
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F4, HW, Upper-B                
 Mean 7.5 5.1 1.5 105 3603 3.1 5131 1617 266 1043 1301 7 6503 10.6 65.0 
 SE 3.4 2.4 0.2 28 120 1.0 506 198 20 54 114 1 439 1.1 4.2 
F4, HW, Lower-B                
 Mean 5.3 4.1 1.3 35 4199 1.3 4148 584 159 1137 1593 7 7888 7.0 69.5 
 SE 4.0 2.8 0.0 8 251 0.0 471 92 10 125 173 1 516 1.0 4.9 
SB, S, A                
 Mean 154.6 159.5 37.2 95 842 103.2 2017 671 637 882 1175 59 3581 33.1 62.7 
 SE 82.1 74.6 12.4 18 154 21.4 143 100 65 82 316 23 65 3.6 3.0 
SB, S, Upper-B                
 Mean 37.9 81.2 10.2 106 1778 79.2 2704 762 627 1011 944 61 4138 40.6 55.2 
 SE 18.7 24.5 2.1 13 294 15.3 236 87 49 70 119 19 179 3.7 3.9 
SB, S, Bulk-B                
 Mean 1.8 2.6 3.7 115 3333 15.5 4827 701 738 803 789 35 4175 36.1 56.6 
 SE 0.6 1.3 1.0 27 383 2.2 724 167 93 49 64 14 216 4.0 6.0 
SB, S, Deep-B                
 Mean 1.3 1.3 7.0 41 1749 28.9 2252 409 419 552 611 110 3465 35.7 57.1 
 SE 0.0 0.0 1.3 6 574 10.5 389 93 66 97 128 12 73 5.3 3.1 
SB, H, A                
 Mean 223.4 426.6 19.7 137 1889 153.2 1980 863 524 1159 1227 12 4640 38.6 48.6 
 SE 80.1 48.6 9.8 5 22 25.3 110 58 2 25 52 1 248 8.9 3.8 
SB, H, Upper-B                
 Mean 119.5 285.6 6.1 170 3557 100.3 2899 909 568 993 1284 30 4517 51.4 48.5 
 SE 39.4 51.5 0.7 28 659 21.1 904 250 89 62 116 16 419 3.2 8.0 
SB, H, Bulk-B                
 Mean 23.9 44.6 2.9 108 3031 17.2 5440 890 672 803 839 64 4782 26.7 54.3 
 SE 19.4 37.7 1.6 21 410 12.8 1230 217 36 6 148 46 349 1.5 7.5 
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LP, H, A                
 Mean 103.4 146.9 22.4 85 2029 100.4 1870 1139 399 925 2731 23 3812 57.7 62.8 
 SE 31.3 43.1 6.1 30 294 18.6 528 251 76 156 599 6 232 15.8 20.5 
LP, H, Upper-B                
 Mean 2.6 15.8 3.0 32 3428 18.7 1804 547 131 1150 2415 19 4142 92.6 35.8 
 SE 0.6 4.4 0.6 7 370 3.0 257 118 11 117 394 6 322 15.4 5.2 
LP, H, Bulk-B                
 Mean 1.3 1.3 2.0 10 3125 13.1 2167 544 132 1173 1889 12 4559 74.9 35.8 
 SE 0.0 0.0 0.4 3 405 6.7 623 303 22 155 329 2 506 7.8 4.0 
LP, H, Deep-B                
 Mean 1.3 1.3 2.1 7 3525 19.4 2800 720 149 1399 2110 19 5773 108.1 41.2 
 SE 0.0 0.0 0.6 4 753 10.2 690 272 29 211 425 4 566 23.8 5.2 
EB, S, 0-5 cm                
 Mean 8.1 10.1 1.4 489 9152 13.9 12305 8298 445 1718 3365 15 2578 20.2 54.5 
 SE 3.4 8.8 0.0 173 2479 4.5 5130 2542 107 168 607 4 448 6.1 13.2 
EB, S, 5-25 cm                
 Mean 8.7 5.6 1.4 269 5166 3.0 12332 4561 372 1699 2701 22 1870 19.9 35.8 
 SE 7.3 4.2 0.0 50 913 3.0 4963 871 83 424 421 8 331 2.0 7.6 
EB, S, 25-C                
 Mean 139.2 18.6 1.8 273 4629 10.1 9633 4030 318 1953 3417 49 1519 17.9 34.5 
 SE 137.9 17.3 0.5 122 2420 10.1 2887 1629 15 357 678 20 81 5.6 3.1 
EB, S, C                
 Mean 1.3 1.3 1.3 75 1296 0.4 5059 904 170 2015 2511 55 1548 35.3 28.7 
 SE 0.0 0.0 0.0 6 103 0.4 1816 49 13 577 422 25 303 14.1 4.6 
EB, H, 0-5 cm                
 Mean 15.6 15.2 2.3 627 13728 29.9 12265 7723 526 2765 4193 33 2820 18.2 56.2 
 SE 9.2 11.0 1.0 156 5004 15.2 2634 831 166 912 415 11 1192 4.7 3.4 
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EB, H, 5-25 cm                
 Mean 4.3 6.7 1.3 246 7780 5.7 12926 4525 415 3428 3753 60 2668 20.4 44.6 
 SE 3.0 5.4 0.0 140 5211 5.7 592 2565 140 1420 917 31 950 3.8 6.3 
EB, H, 25-C                
 Mean 1.9 1.3 1.3 156 3756 0.0 13904 3208 434 2722 2960 67 2483 25.7 44.5 
 SE 0.5 0.0 0.0 49 1252 0.0 3872 1539 186 555 408 34 625 3.6 6.9 
 
EB, H, C 
               
 Mean 1.3 1.3 1.3 61 1533 0.0 6843 1047 180 1875 2262 109 1411 26.1 27.4 
 SE 0.0 0.0 0.0 11 125 0.0 884 191 12 336 228 42 240 7.4 3.9 
WB, H, 0-5 cm                
 Mean 143.0 15.5 1.4 514 9647 22.3 14560 6512 531 4673 4348 54 2133 26.8 81.4 
 SE 124.0 8.0 0.0 201 3756 12.5 3992 857 82 2688 679 33 232 8.7 21.7 
WB, H, 5-25 cm                
 Mean 2.6 1.4 1.8 193 5720 1.8 12883 4884 434 2746 3097 32 2154 17.6 49.8 
 SE 1.2 0.0 0.4 59 1978 1.2 658 2130 67 1146 616 15 269 5.1 9.0 
WB, H, 25-C                
 Mean 1.3 1.3 1.7 91 2128 1.3 11047 1997 321 2137 2378 57 1711 23.6 38.5 
 SE 0.0 0.0 0.4 20 180 0.0 927 207 16 329 61 10 306 2.5 3.8 
WB, H, C                
 Mean 72.1 14.7 1.3 63 1059 1.3 5864 589 195 1806 2038 122 1235 34.9 29.7 
 SE 70.9 13.4 0.0 7 211 0.0 279 127 41 202 265 18 83 7.4 2.5 
WB, S, 0-5 cm                
 Mean 73.8 41.6 1.4 469 8582 11.2 9633 6013 248 3990 4803 25 3408 2.9 63.7 
 SE 32.8 29.8 0.0 85 1230 9.8 3685 1954 66 2492 669 14 1226 1.6 26.2 
WB, S, 5-25 cm                
 Mean 8.4 4.3 1.4 210 4542 1.4 15318 3658 298 11076 5514 80 5126 13.5 98.0 
 SE 4.4 2.9 0.1 40 691 0.1 3310 1299 59 7649 2434 57 1447 6.4 37.9 
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WB, S, 25-C                
 Mean 3.9 1.4 1.4 131 3461 1.4 13440 2410 277 7627 5111 63 4645 14.4 84.0 
 SE 2.6 0.0 0.0 33 289 0.0 2594 900 62 3671 1637 29 1757 7.3 31.0 
WB, S, C                
 Mean 1.3 1.3 1.3 72 2230 1.3 9388 787 204 5211 3698 60 4415 18.2 66.4 
 SE 0.0 0.0 0.0 26 581 0.0 2028 243 26 2089 834 16 1422 7.0 17.4 
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Table A.2. Soil chemistry means and standard error's from all sites in this study.  Data are aggregated in the format: 
Watershed, forest type, soil increment.  See the Materials and Methods section in Chapter 4 for complete descriptions of the 
watershed and fraction symbols. 
  
% _______________________cmolc kg
-1__________________________________ ______mg kg-1_______ ______%_______ Ratio 
 
pHS LOI Ca K Mg Al Na Tot. Ac. Al H CEC P Fe Mn BS N C C:N 
                   
HB, S, O 
                  
Mean 3.1 83 7.0 0.9 3.5 4.0 0.4 14.2 3.9 10.3 26.1 40.2 45 38.8 42 1.4 43 32 
SE 0.1 3 1.4 0.1 0.3 0.7 0.0 0.8 0.6 0.8 1.2 4.0 6 4.8 4 0.1 2 2 
HB, S, Upper-B 
                  
Mean 4.1 13 0.5 0.1 0.1 3.5 0.1 4.7 3.5 1.2 5.5 1.3 26 6.4 15 0.3 6 23 
SE 0.1 2 0.2 0.0 0.0 0.4 0.0 0.5 0.3 0.2 0.5 0.2 4 3.5 3 0.1 1 1 
HB, S, Lower-B 
                  
Mean 4.4 10 0.5 0.1 0.1 2.4 0.1 3.0 2.4 0.6 3.8 1.9 9 3.0 19 0.2 3 22 
SE 0.1 1 0.2 0.0 0.1 0.4 0.0 0.5 0.4 0.1 0.5 1.0 2 1.3 5 0.0 1 1 
MP, S, O 
                  
Mean 3.0 88 5.2 1.0 2.8 6.3 0.3 17.8 7.1 10.8 26.7 48.2 45 18.7 33 1.2 45 39 
SE 0.1 1 0.5 0.1 0.3 1.1 0.0 0.8 1.1 0.8 0.6 4.3 5 1.9 3 0.0 1 1 
MB, S, Upper-B 
                  
Mean 3.9 7 0.1 0.1 0.1 3.3 0.0 4.6 3.6 1.0 4.6 1.2 26 0.6 5 0.1 3 26 
SE 0.1 1 0.0 0.0 0.0 0.3 0.0 0.3 0.2 0.1 0.4 0.2 4 0.1 1 0.0 1 1 
MB, S, Lower-B 
                  
Mean 4.3 6 0.0 0.1 0.0 1.7 0.0 2.3 1.8 0.5 2.3 0.7 10 0.7 7 0.1 2 23 
SE 0.1 1 0.0 0.0 0.0 0.4 0.0 0.5 0.4 0.1 0.5 0.2 4 0.2 1 0.0 0 2 
F3, H, O 
                  
Mean 3.4 65 9.1 1.0 1.3 2.4 0.1 6.8 2.1 4.8 18.6 84.3 21 582.8 61 1.7 36 22 
SE 0.0 3 0.6 0.1 0.1 0.2 0.0 0.4 0.2 0.3 0.6 6.8 2 38.1 2 0.2 3 1 
F3, H, A 
                  
Mean 3.2 22 1.6 0.4 0.3 7.3 0.1 9.2 5.6 3.6 13.2 12.2 55 129.7 18 0.6 11 18 
SE 0.0 2 0.1 0.0 0.0 0.3 0.0 0.5 0.3 0.3 0.5 1.2 5 23.6 1 0.0 1 1 
F3, H, Upper-B 
                  
Mean 3.8 6 0.2 0.1 0.1 5.4 0.0 5.6 4.6 1.0 6.8 2.5 6 42.5 6 0.2 3 18 
SE 0.0 0 0.1 0.0 0.0 0.3 0.0 0.3 0.2 0.1 0.4 0.2 2 6.4 0 0.0 0 1 
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F3, H, Lower-B                   
Mean 4.0 3 0.1 0.1 0.0 5.0 0.0 7.5 4.2 3.3 8.5 1.7 1 16.2 4 0.1 1 12 
SE 0.0 0 0.0 0.0 0.0 0.2 0.0 2.4 0.2 2.4 2.3 0.2 0 5.1 1 0.0 0 1 
F4, H, O 
                  
Mean 3.0 84 5.0 1.7 1.5 2.3 0.1 12.4 2.8 9.6 20.2 105.5 24 283.7 41 na na na 
SE 0.1 4 1.0 0.1 0.2 0.5 0.0 1.0 0.6 0.9 1.1 17.5 4 55.5 4 na na na 
F4, H, Upper-B 
                  
Mean 4.0 8 0.2 0.1 0.1 3.5 0.0 4.6 3.6 1.0 5.0 1.8 6 61.7 10 0.2 3 16 
SE 0.0 0 0.1 0.0 0.0 0.2 0.0 0.3 0.3 0.1 0.2 0.2 2 15.2 2 0.0 0 1 
F4, H, Lower-B 
                  
Mean 4.0 7 0.2 0.1 0.1 3.7 0.0 4.4 3.7 0.7 4.8 1.1 1 27.1 8 0.1 1 12 
SE 0.0 2 0.0 0.0 0.0 0.3 0.0 0.3 0.3 0.1 0.3 0.1 0 4.9 2 0.0 0 1 
EB, S, O 
                  
Mean 2.9 91 5.8 0.9 2.2 2.7 0.3 13.7 3.1 10.7 22.5 49.0 40 42.0 40 1.5 48 32 
SE 0.1 1 0.9 0.1 0.3 0.8 0.0 0.9 0.6 0.9 1.4 5.7 6 8.7 4 0.1 1 1 
EB, S, 0-5 cm 
                  
Mean 3.7 18 0.1 0.1 0.1 8.5 0.1 9.5 6.7 2.8 11.7 3.9 67 1.0 5 0.3 8 23 
SE 0.2 2 0.0 0.0 0.0 1.6 0.0 1.6 1.4 1.4 2.6 0.9 24 0.2 1 0.0 1 1 
EB, S, 5-25 cm 
                  
Mean 3.9 13 0.2 0.1 0.1 6.1 0.1 7.1 5.6 1.5 8.0 2.4 26 1.2 7 0.2 6 24 
SE 0.1 1 0.1 0.0 0.0 1.2 0.0 1.3 1.1 0.4 1.5 0.6 9 0.5 2 0.0 0 1 
EB, S, 25-C 
                  
Mean 4.0 12 0.2 0.1 0.1 4.8 0.1 5.9 4.7 1.1 6.3 1.9 16 0.7 6 0.2 5 24 
SE 0.1 2 0.1 0.0 0.0 1.4 0.0 1.4 1.3 0.4 1.7 0.6 9 0.1 1 0.0 1 1 
EB, S, C 
                  
Mean 4.3 5 0.1 0.1 0.0 2.2 0.0 2.6 2.0 0.6 2.9 0.9 5 0.7 8 0.1 2 21 
SE 0.2 0 0.0 0.0 0.0 0.6 0.0 0.7 0.5 0.3 0.8 0.3 3 0.1 2 0.0 0 1 
EB, H, O 
                  
Mean 3.4 83 10.4 1.0 2.4 3.4 0.2 7.3 1.4 6.0 23.3 76.0 16 145.1 58 1.9 44 23 
SE 0.1 4 1.7 0.1 0.4 1.6 0.0 0.8 0.4 0.9 1.6 17.1 2 50.9 7 0.1 1 1 
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EB, H, 0-5 cm 
                  
Mean 3.8 16 0.4 0.2 0.1 5.9 0.1 6.8 5.7 1.2 7.8 3.2 35 3.1 9 0.4 7 20 
SE 0.1 2 0.1 0.0 0.0 0.7 0.0 0.7 0.6 0.3 0.9 0.8 9 1.1 2 0.1 1 1 
EB, H, 5-25 cm 
                  
Mean 4.2 12 0.2 0.1 0.1 3.9 0.1 5.5 4.1 1.4 5.7 1.6 18 2.3 8 0.3 5 20 
SE 0.1 2 0.0 0.0 0.0 0.7 0.0 1.0 0.7 0.9 1.1 0.5 10 0.8 1 0.0 1 1 
EB, H, 25-C 
                  
Mean 4.3 8 0.1 0.0 0.0 2.2 0.0 2.7 2.4 0.3 2.7 0.8 2 0.9 8 0.2 3 20 
SE 0.1 2 0.0 0.0 0.0 0.4 0.0 0.4 0.4 0.2 0.4 0.2 0 0.2 1 0.0 1 0 
EB, H, C 
                  
Mean 4.5 3 0.1 0.0 0.0 1.6 0.0 1.2 1.1 0.1 1.9 0.5 2 0.5 10 0.1 1 20 
SE 0.0 0 0.0 0.0 0.0 0.5 0.0 0.1 0.2 0.1 0.6 0.0 1 0.0 2 0.0 0 1 
WB, H, O 
                  
Mean 3.2 80 6.6 0.8 1.1 6.3 0.2 12.9 6.0 6.8 21.9 70.9 33 159.2 40 1.9 41 22 
SE 0.1 4 1.6 0.1 0.2 2.3 0.0 1.6 2.1 0.9 1.7 13.7 8 43.8 6 0.1 2 1 
WB, H, 0-5 cm 
                  
Mean 3.8 22 0.4 0.2 0.1 7.5 0.1 9.0 7.2 1.8 10.0 4.5 41 3.2 7 0.5 10 20 
SE 0.1 2 0.1 0.0 0.0 0.7 0.0 1.0 0.6 0.6 1.2 0.7 16 1.1 1 0.1 1 1 
WB, H, 5-25 cm 
                  
Mean 4.2 11 0.1 0.1 0.0 3.4 0.0 3.9 3.4 0.5 4.1 1.6 5 0.9 7 0.3 5 20 
SE 0.1 1 0.0 0.0 0.0 0.5 0.0 0.5 0.5 0.2 0.6 0.4 1 0.3 1 0.0 1 0 
WB, H, 25-C 
                  
Mean 4.4 7 0.1 0.1 0.0 2.0 0.0 2.4 1.8 0.6 2.8 0.6 2 0.8 7 0.1 3 20 
SE 0.0 1 0.0 0.0 0.0 0.2 0.0 0.2 0.3 0.2 0.2 0.1 0 0.3 1 0.0 0 1 
WB, H, C 
                  
Mean 4.4 3 0.1 0.0 0.0 1.2 0.0 1.3 1.2 0.2 1.5 0.5 2 0.5 7 0.1 1 22 
SE 0.0 0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.2 0.0 1 0.0 1 0.0 0 1 
WB, S, O 
                  
Mean 3.1 78 4.4 0.7 1.4 8.0 0.3 17.1 7.8 9.3 24.1 39.7 42 39.1 27 1.7 44 27 
SE 0.1 7 1.2 0.1 0.3 1.9 0.1 1.5 1.8 1.8 1.4 8.8 10 11.7 6 0.1 1 1 
WB, S, 0-5 cm 
                  
Mean 3.8 17 0.2 0.1 0.1 6.7 0.1 8.2 6.0 2.2 9.4 2.7 32 0.9 6 0.3 7 22 
SE 0.1 2 0.1 0.0 0.0 0.5 0.0 0.9 0.6 1.0 1.4 0.3 11 0.3 1 0.1 1 1 
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WB, S, 5-25 cm 
                  
Mean 4.1 13 0.1 0.1 0.0 4.2 0.1 4.7 4.3 0.4 4.9 1.7 5 0.8 7 0.3 7 24 
SE 0.1 1 0.0 0.0 0.0 0.5 0.0 0.6 0.5 0.2 0.6 0.3 2 0.2 1 0.0 1 1 
WB, S, 25-C 
                  
Mean 4.3 19 0.1 0.1 0.0 2.8 0.1 2.9 2.7 0.2 3.1 1.1 4 0.5 7 0.2 4 23 
SE 0.1 9 0.0 0.0 0.0 0.3 0.0 0.3 0.3 0.1 0.4 0.2 1 0.0 1 0.0 1 1 
WB, S, C 
                  
Mean 4.4 6 0.1 0.1 0.0 1.7 0.0 1.9 1.7 0.3 2.2 0.7 3 0.5 8 0.1 3 24 
SE 0.1 1 0.0 0.0 0.0 0.2 0.0 0.3 0.3 0.1 0.2 0.2 1 0.0 1 0.0 1 0 
SB, S, O 
                  
Mean 3.2 52 3.8 0.8 0.7 2.5 0.1 8.0 1.5 6.5 14.4 136.5 183 107.6 36 0.7 18 23 
SE 0.1 10 0.7 0.2 0.1 0.5 0.0 0.6 0.3 0.6 1.0 31.4 49 24.7 5 0.2 5 2 
SB, S, A 
                  
Mean 3.2 15 1.6 0.2 0.2 5.2 0.1 8.7 3.2 5.4 12.7 59.1 272 32.9 17 0.4 8 19 
SE 0.1 3 0.2 0.0 0.0 0.2 0.0 1.2 0.1 1.1 1.4 7.6 64 12.6 1 0.1 2 2 
SB, S, Upper-B 
                  
Mean 3.4 8 0.5 0.1 0.1 6.4 0.1 7.8 3.9 3.9 11.0 37.0 371 38.4 7 0.2 4 17 
SE 0.1 1 0.2 0.0 0.0 0.4 0.0 0.9 0.3 0.7 1.1 4.7 87 13.9 2 0.0 0 1 
SB, S, Bulk-B 
                  
Mean 4.1 5 0.1 0.1 0.0 5.6 0.0 4.3 3.2 1.0 6.8 10.1 81 25.6 3 0.1 2 17 
SE 0.1 0 0.0 0.0 0.0 0.8 0.0 0.2 0.3 0.1 0.8 0.9 19 8.4 1 0.0 0 1 
SB, S, Deep-B 
                  
Mean 4.0 3 0.5 0.1 0.1 2.8 0.0 2.4 1.5 0.9 4.4 9.9 42 29.4 17 0.1 1 13 
SE 0.1 0 0.1 0.0 0.0 0.2 0.0 0.5 0.4 0.1 0.2 0.9 12 6.5 4 0.0 0 0 
SB, H, O 
                  
Mean 3.6 50 3.6 0.9 1.1 1.5 0.1 8.7 1.3 7.4 17.1 203.6 190 69.0 42 1.2 24 19 
SE 0.3 16 1.3 0.4 0.4 0.4 0.0 0.7 0.4 0.8 3.2 75.4 78 21.5 8 0.3 7 1 
SB, H, A 
                  
Mean 3.1 9 0.1 0.1 0.2 7.0 0.1 11.1 4.5 6.6 14.0 47.6 667 11.3 3 0.3 5 15 
SE 0.1 1 0.0 0.0 0.0 0.0 0.0 0.8 0.7 0.1 0.1 4.8 67 7.4 0 0.0 0 0 
SB, H, Upper-B 
                  
Mean 3.2 6 0.1 0.1 0.1 6.9 0.0 8.1 3.9 4.3 11.4 21.5 555 33.6 3 0.2 3 18 
SE 0.1 0 0.0 0.0 0.0 0.8 0.0 0.4 0.4 0.3 0.7 2.9 81 18.9 0 0.0 0 1 
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SB, H, Bulk-B 
                  
Mean 3.8 5 0.1 0.1 0.0 5.2 0.0 4.7 3.5 1.2 6.7 9.9 113 48.0 5 0.1 2 18 
SE 0.4 0 0.0 0.0 0.0 1.0 0.0 0.6 0.1 0.7 1.6 4.7 71 37.1 2 0.0 0 1 
LP, H, A 
                  
Mean 3.4 14 2.3 0.2 0.6 3.4 0.1 6.7 2.2 4.5 10.9 30.9 256 157.0 30 0.5 8 16 
SE 0.2 2 0.4 0.0 0.1 0.8 0.0 1.4 0.6 0.9 1.8 7.8 49 77.9 4 0.1 1 2 
LP, H, Upper-B 
                  
Mean 3.4 3 0.7 0.1 0.5 3.4 0.1 4.8 2.4 2.4 7.5 6.6 131 92.8 16 0.1 1 14 
SE 0.0 0 0.2 0.0 0.2 0.6 0.0 0.4 0.2 0.2 1.2 0.8 24 25.9 3 0.0 0 1 
LP, H, Bulk-B 
                  
Mean 3.5 1 0.8 0.2 0.6 2.9 0.1 3.9 2.4 1.4 6.0 3.1 27 52.0 19 0.0 0 9 
SE 0.1 0 0.4 0.0 0.4 0.4 0.0 0.6 0.4 0.2 1.2 0.3 11 6.0 6 0.0 0 1 
LP, H, Deep-B 
                  
Mean 3.8 2 2.9 0.3 2.1 3.3 0.1 3.1 1.7 1.3 10.0 4.5 6 49.8 47 0.1 1 8 
SE 0.2 1 0.9 0.1 0.7 1.0 0.0 0.6 0.4 0.3 2.3 1.1 5 19.0 10 0.0 0 1 
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Table A.3.Total digestion data for soils.  See Chapter 4 for details regarding laboratory  
methods, sampling, and the symbols used to represent watersheds. 
      Al Ca Fe K Mg Mn P 
Watershed 
Sample 
ID Horizon ______________________________________mg kg-1___________________________________ 
HB 117 Upper-B 23605 2224 25208 12956 1783 195 194 
HB 118 Lower-B 22392 1103 25565 13179 1525 137 295 
HB 167 Upper-B 27789 2146 32995 15604 2528 162 216 
MP 213 Upper-B 20813 1410 25805 20883 1973 149 226 
MP 214 Lower-B 40699 5884 23143 21617 2819 250 228 
MP 263 Upper-B 16483 2773 17727 28332 2822 226 156 
BBWM 723 B 5-25 30561 5051 22631 15817 5290 254 466 
BBWM 722 B 0-5 25930 1500 36591 14105 3338 135 675 
BBWM 758 B 5-25 30377 1812 41735 13093 4542 164 734 
BBWM 759 B 25-C 21756 1670 29202 12596 6054 221 844 
BBWM 855 B 25-C 21575 1248 26036 16275 5275 189 297 
BBWM 812 B 0-5 27165 2347 20721 4460 1689 142 696 
BBWM 854 B 5-25 30764 2541 15511 7251 1847 168 153 
BBWM 813 B 5-25 10982 1986 26955 12870 4188 161 514 
BBWM 760 C 18863 6171 23312 17593 5762 362 212 
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Table A.4. Data from samples subjected to a modified version of the Psenner fractionation which included an additional HCl 
step with pulverization to access occluded apatite.  See Chapter 4 for details regarding methods, sampling, and the symbols 
used in this table. 
      ____HCl Step 1 (No Pulverization)____ ___HCl Step 2 (With Pulverization)__ 
   
P Ca Ca:P P Ca Ca:P 
Sample Substrate Watershed ______mmoles kg-1_______ Ratio _____mmoles kg-1_______ Ratio 
L-100-C Soil HB 1.20 0.68 0.56 0.93 1.31 1.41 
R-100-C Soil HB 0.28 1.03 3.65 0.96 2.52 2.62 
L-60-C Soil HB 0.17 0.06 0.34 0.66 1.24 1.86 
R-40-B Soil HB 0.60 0.97 1.62 0.73 1.94 2.66 
L-40-C Soil HB 0.97 0.01 0.01 0.93 1.93 2.07 
R-40-C Soil HB 0.77 1.69 2.19 0.93 2.82 3.02 
L-10-B Soil HB 2.85 0.40 0.14 1.28 1.55 1.21 
L-10-C Soil HB 0.97 2.93 3.02 1.24 3.03 2.45 
L-0.1-B Soil HB 1.20 4.00 3.32 2.08 3.23 1.55 
L-0.1-C Soil HB 2.00 5.81 2.91 1.34 3.20 2.38 
HS1 Sur Stream Sed. HB 3.25 7.89 2.43 1.14 3.09 2.71 
HS1 Deep Stream Sed. HB 1.87 6.87 3.68 1.52 3.11 2.05 
HS2 Stream Sed. HB 2.52 6.51 2.58 1.30 5.21 4.01 
C1 0-10 Lake Sed. HB 2.70 7.73 2.86 1.63 3.26 2.01 
C1 10-20 Lake Sed. HB 1.94 6.11 3.15 1.60 1.57 0.98 
C2 0-10 Lake Sed. HB 1.43 7.04 4.92 2.05 15.08 7.35 
C5 0-10 Lake Sed. HB 3.24 7.97 2.46 2.60 4.09 1.58 
C4 0-10 Lake Sed. HB 6.42 9.73 1.52 2.55 8.62 3.38 
C3 0-10 Lake Sed. HB 4.28 7.30 1.71 2.68 3.97 1.48 
C3 10-20 Lake Sed. HB 5.94 8.62 1.45 1.79 2.58 1.44 
Q5-0-5 Soil BBWM 1.33 1.32 1.00 1.67 1.05 0.63 
Q5-C Soil BBWM 2.38 6.20 2.60 1.72 2.25 1.31 
Q16-0-5 Soil BBWM 0.31 0.46 1.49 0.97 2.61 2.69 
Q16-C Soil BBWM 0.15 0.51 3.43 0.58 1.32 2.28 
Q21-0-5 Soil BBWM 0.46 0.71 1.52 0.87 1.48 1.70 
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         Q21-C Soil BBWM 5.85 11.58 1.98 1.58 2.18 1.38 
Q23-0-5 Soil BBWM 0.99 1.54 1.56 1.38 1.27 0.93 
Q23-C Soil BBWM 4.25 8.90 2.10 1.02 2.18 2.14 
Q6-0-5 Soil BBWM 1.18 1.55 1.32 0.86 1.46 1.70 
Q6-5-25 Soil BBWM 1.34 3.21 2.39 0.99 1.86 1.89 
Q6-25-C Soil BBWM 0.99 2.83 2.87 1.00 1.70 1.70 
Q6-C Soil BBWM 2.02 6.46 3.20 1.27 1.93 1.52 
Q12-0-5 Soil BBWM 0.93 0.77 0.83 1.03 0.78 0.76 
Q12-5-25 Soil BBWM 0.74 0.82 1.11 0.92 1.60 1.73 
Q12-25-C Soil BBWM 1.26 2.67 2.13 1.37 1.81 1.32 
Q12-MP-C Soil BBWM 2.28 4.87 2.13 1.04 3.25 3.11 
L-40-B Soil MP 0.56 0.71 1.27 0.88 1.53 1.75 
L-40-C Soil MP 0.54 0.72 1.34 0.82 3.39 4.15 
R-40-B Soil MP 0.06 0.52 8.14 0.48 1.59 3.32 
R-40-C Soil MP 0.20 0.66 3.31 0.79 1.55 1.96 
L-60-B Soil F4 0.32 1.37 4.28 0.81 1.88 2.33 
L-60-C Soil F4 0.34 0.45 1.31 0.58 0.82 1.41 
R-60-B Soil F4 0.15 0.35 2.32 0.58 0.30 0.52 
R-60-C Soil F4 0.15 0.38 2.50 0.51 0.33 0.65 
T1-P5-0-10 Soil SB 0.49 0.29 0.59 1.29 2.29 1.77 
T1-P5-B/C Soil SB 1.58 2.31 1.46 1.78 2.33 1.31 
T1-P6-0-10 Soil SB 0.51 0.68 1.32 1.47 2.51 1.71 
T1-P6-C Soil SB 0.31 0.58 1.86 1.26 2.23 1.76 
B1-B 10-100 Soil SB 4.90 7.92 1.62 2.69 4.41 1.64 
B1-B 100-150 Soil SB 12.82 20.80 1.62 2.54 3.49 1.37 
Apatite 1 Mineral . 4473 8228 1.84 859 1682 1.96 
Apatite 2 Mineral . 4358 8065 1.85 788 1499 1.90 
 
Table A.4 Continued 
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 Figure B.1. Topography of the Bear Brook Watershed in Maine. 
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 Figure B.2. Forest types at the Bear Brook watershed in Maine. 
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 Figure B.3. Location of pedons sampled in 1998 and 2006 at BBWM. 
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Figure B.4. Soil types at the Hadlock Brook Watershed in Acadia National Park, Maine. 
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Figure B.5.  Soil types at the Mud Pond watershed in Maine. See the following page for an 
explanation of the symbols used. 
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Mud Pond Soils Information from NRCS 
http://soildatamart.nrcs.usda.gov/manuscripts/ME611/0/hancock.pdf: 
Five different associations are present in varying locations: 
1.LYMAN-TUNBRIDGE Complex, 20-60 percent slopes, very stony. 
 -Located on Northeast and Southwest of Mud Pond. 
 -Map Designation 94xe 
2.COLONEL-BRAYTON-DIXFIELD Association, 1-8 percent slopes, very stony. 
 -Located on South bank of stream east of Mud pond.  
 -Map Designation 54b 
3.MARLOW-TUNBRIDGE-DIXFIELD Association, 12-30 percent slopes, very stony. 
 -Located on both stream banks closer to Little Long Pond. 
 -Map Designation 48d 
4.COLONEL-DIXFIELD-BRAYTON Association, 3-15 percent slopes, very stony. 
 -Located on both stream banks west of Mud pond. 
 -Map Designation 54c 
5.LYMAN-TUNBRIDGE Complex, 4-25 percent slopes, very stony. 
 -Located Northwest of Mud pond. 
 -Map Designation 94xc 
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 Figure B.6. Map of the Fernow Experimental Forest.  From U.S.D.A. Forest Service. 
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Figure B.7. Map of the Strengbach Watershed, Strasbourg, France.  Map provided by The 
University of Strasbourg. 
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